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This thesis discusses the design, modeling, and control of piezoelectric actuator. Two
major contributions are reported in the thesis: design of external-sensing actuator
and design of self-sensing actuator.
The major contribution of this thesis is that it offers a mechatronic approach in
designing piezoelectric actuators. With the emergence of nanotechnology and along
with the trend of product miniaturization, piezoelectric actuators are gaining increas-
ing attention in the industry as well as in research community; and this emphasizes
the importance of discussing this type of actuators in the field of research. Piezoelec-
tric actuator exhibits nonlinear characteristics and, therefore, control of piezoelectric
actuators constitute an integral part of it and is therefore an important subject,
especially in the face of the high nonlinearity of piezoelectric actuators.
The first major portions of this thesis are the design, modeling, and control
of external-sensing actuator, with application in intra-cytoplasmic sperm injection
(ICSI). The technique of external-sensing actuation (ESA) is the usual, ubiquitous
technique used in closed-loop control systems, where a separate, independent sensor
is used to provide information about the sensing variables to allow the implemen-
tation of feedback control. The main discussion issues are the design steps of the
proposed actuator and the control algorithm used to control the proposed actuator.
The application area considered here, ICSI, is a biomedical application to perform an
artificial fertilization. In this application, the sperm is to be injected into an oocyte
(egg cell) so as to result in fertilization. A partially-rotating piezoelectric actuator
is proposed in this application to provide an injection of the sperm into an oocyte
v
with minimum damage inflicted to the oocyte. A linear-reciprocating piezoelectric
actuator is also presented as an alternative approach to accomplish the same task.
As far as the application is concerned, the aim is to achieve blastocyst level of cell
development with high survival rate.
The second major contribution of this thesis are the design, modeling, and control
of self-sensing actuator, with application in a microdispensing system. The technique
of self-sensing actuation (SSA) is the implementation of a single component to func-
tion as both an actuator and a sensor. This technique is not novel; in fact it has
been around since 1990s and has been employed in several structures for vibration
suppression. This thesis proposes a discussion in the comparison between ESA and
SSA technique, especially in which condition one technique is better than the other,
with detailed study for a system whose reference signal is a switching trajectory. Mi-
crodispensing system, the application area considered here, is a type of manufacturing
process that dispenses liquid in a minute volume and in a precise manner, typically
of the order of microliter. In this thesis, a contacting and a non-contacting method of
liquid dispensing are discussed; one is based on adhesive force principle and the other
one is based on mass inertia principle. The aim is to produce patterns of droplets
with uniform dimension. In addition to focusing on the comparison between ESA and
SSA, the control system and design of the microdispensing system are also discussed.
In the two systems discussed in both cases, adaptive controllers are employed
to overcome the adverse effect of nonlinearity inherited by the piezoelectric actua-
tor. The control system proposed in this thesis follows a scenario of combining a
simple, linear controller to perform major task of trajectory tracking with a more
complicated, non-linear controller to overcome the nonlinearity of the piezoelectric
actuator. Adaptive controller is chosen because of its ability to overcome nonlinear-
ity without high computational requirements and also because it does not require
repetitive reference signal, among other things. Adaptive controller is mainly used
here to overcome the hysteresis of the actuator, although it will also overcome other
vi
types of nonlinearity to a certain degree. As an additional note, the linear controller
used in this thesis is a proportional-integral-differential (PID) controller.
In applying the principle of mechatronic approach, especially in designing, the
application area of the actuator has been considered since the initial stage of the
design, along with the general structure of the actuator and the overall control system.
The aim is to arrive at a synergistic system in executing the prescribed tasks. The
synergy between different parts of the system is an important feature in the design of
the proposed devices presented in this thesis because of the high-precision requirement
of the applications of the said devices.
The modeling of the actuator is aimed at helping to design a satisfactory controller;
especially the adaptive controller. The focus is, therefore, not so much on achieving
an accurate model, but in achieving a viable model that is sufficiently accurate, with
low computational requirements. This thesis does not aim to propose a novel model
of piezoelectric actuator or its nonlinearity. Rather, this thesis presents the use of the
existing models with necessary modifications to suit the applications at hand.
Experiments have been conducted with satisfactory test results obtained. The
proposed devices have been developed and then implemented in the applications. In
the ESA contribution, the piezoelectric actuators for ICSI application have been able
to increase the survival rates from 58 % to 76 %. Furthermore, the self-designed
partially-rotating actuator has reduced the vibration of the oocyte from 1.1943 µm
to 0.5154 µm. In the SSA contribution, SSA technique has reduced the RMS error
from 53.47 µm to 24.26 µm.
Although this thesis is submitted for the field of electrical engineering, and more
specifically in control engineering, the discussions throughout this thesis are not lim-
ited to the traditional topics of control system. It also includes mechanical design,
which is an integral part in any mechatronic system as the ones designed in this thesis.
Furthermore, a rather in-depth description of the application areas is also presented,
i.e. intra-cytoplasmic sperm injection (ICSI) and microdispensing technology. The
vii
description is presented in relation to designing the proposed devices; from mechan-
ical, electrical, and control perspective, as well as system integration of these three
components.
A separate chapter is dedicated to compile the various aspects required in de-
signing the proposed actuators. This chapter covers descriptions of piezoelectricity,
nonlinearity, mechatronic system, control, modeling, and mechanical design. In addi-
tion, adaptive control system is also discussed since this is used to overcome nonlin-
earity in the proposed devices. Although this by no means is a complete discussion




3.1 Specifications of the piezoelectric ceramic . . . . . . . . . . . . . . . . 53
3.2 Tracking error of PID-only controller and proposed adaptive controller 73
3.3 Vibration of the oocyte . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.4 Results of ICSI experiment . . . . . . . . . . . . . . . . . . . . . . . . 82
3.5 Comparison between Adaptive Control and Iterative Learning Control 84
3.6 Linear Motor Parameters . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.7 Specifications of piezoelectric linear motor . . . . . . . . . . . . . . . 97
4.1 Performance of Self-Sensing and External-Sensing Actuation . . . . . 128
ix
List of Figures
1.1 Number of transistors in Intel microprocessors . . . . . . . . . . . . . 3
1.2 Citation number of piezoelectricity . . . . . . . . . . . . . . . . . . . 4
2.1 Principle mode of deformation of piezoelectric element in cylindrical
coordinate: (a) longitudinal, (b) transversal, (c) shear . . . . . . . . . 14
2.2 Principle deformation of piezoelectric element in cylindrical coordinate:
(a) radial, (b) axial, (c) tangential . . . . . . . . . . . . . . . . . . . . 14
2.3 Hysteresis based on Preisach model . . . . . . . . . . . . . . . . . . . 19
2.4 Piezoelectric stack actuator . . . . . . . . . . . . . . . . . . . . . . . 21
2.5 Ultrasonic piezoelectric motor . . . . . . . . . . . . . . . . . . . . . . 21
2.6 Technology in a general mechatronic system . . . . . . . . . . . . . . 23
2.7 General structure of proposed control system . . . . . . . . . . . . . . 27
2.8 Types of flexures, a. notch joints, b. beam-based joints, c. compliant
joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.9 Four-bar mechanism using flexures in undeformed (solid line) and de-
formed (dashed line) state . . . . . . . . . . . . . . . . . . . . . . . . 32
2.10 Flexible hinge in Chapter 3 . . . . . . . . . . . . . . . . . . . . . . . 33
2.11 Basic structure of the adaptive controller . . . . . . . . . . . . . . . . 35
3.1 Principal stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.2 Structure of an oocyte . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Media preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.4 ICSI installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
x
3.5 Construction of partially-rotating actuator . . . . . . . . . . . . . . . 54
3.6 Tangential deflection (dotted line and solid line represent the cylinder
prior to and after the deflection, respectively) . . . . . . . . . . . . . 56
3.7 Axial deflection (dotted line and solid line represent the cylinder prior
to and after the deflection, respectively) . . . . . . . . . . . . . . . . 57
3.8 Radial deflection (dotted line and solid line represent the cylinder prior
to and after the deflection, respectively) . . . . . . . . . . . . . . . . 58
3.9 Total deflection (dotted line and solid line represent the cylinder prior
to and after the deflection, respectively) . . . . . . . . . . . . . . . . 59
3.10 Deflection of a piezoelectric element . . . . . . . . . . . . . . . . . . . 61
3.11 Comparison of the model and the experimental result . . . . . . . . . 64
3.12 Loading diagram of the injection needle . . . . . . . . . . . . . . . . . 65
3.13 Sine wave responses with the adaptive control scheme . . . . . . . . . 74
3.14 Sine wave responses with PID control scheme . . . . . . . . . . . . . 74
3.15 Installation of strain gauge on the piezoelectric cylinder . . . . . . . . 76
3.16 Square wave responses with the adaptive control scheme . . . . . . . 77
3.17 Square wave responses with PID control scheme . . . . . . . . . . . . 77
3.18 Vibration of the oocyte . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.19 Oocyte deformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
3.20 Step-by-step procedure of piezo-assisted ICSI ((A) The sperm (arrow)
was captured by the injection pipette. (B) The injection pipette pene-
trated zona pellucida. (C) The injection pipette penetrated oolemma.
(D) The injection pipette was inside the cytoplasm. (E) The sperm
(arrow) was expelled to the cytoplasm. (F) The injection pipette was
withdrawn slowly from the oocyte.) . . . . . . . . . . . . . . . . . . . 82
3.21 Block diagram of the proposed control scheme . . . . . . . . . . . . . 89
xi
3.22 Illustration of the overall control signal and constituents (a). the con-
trol signal uc(t) from the feedback controller (b). the chatter signal
uk(t) (c). the overall control signal u(t) . . . . . . . . . . . . . . . . . 100
3.23 Desired trajectory with smooth start . . . . . . . . . . . . . . . . . . 101
3.24 Tracking error of the PID-only control scheme . . . . . . . . . . . . . 101
3.25 Tracking error with the proposed scheme after 25 cycles . . . . . . . . 102
3.26 Iterative convergence performance, (a) Maximum tracking error (b)
RMS tracking error . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.27 Control signal and tracking error after 25 cycles . . . . . . . . . . . . 103
3.28 Setup of the linear piezoelectric motor . . . . . . . . . . . . . . . . . 103
3.29 Desired trajectory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
3.30 Tracking error with PID-only control scheme . . . . . . . . . . . . . . 104
3.31 Tracking error with the regulated chatter signal after 40 cycles . . . . 105
3.32 Tracking performance in 40 cycles, (a) Maximum tracking error (b)
RMS tracking error . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
3.33 Tracking error with the regulated chatter signal during the 40th cycle 106
4.1 Working principle of the microdispensing system . . . . . . . . . . . . 113
4.2 Design of microdispensing system and its control system . . . . . . . 115
4.3 SSA bridge configuration . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.4 Frequency response of the sensing system in the SSA system (sensing
signal with respect to deformation) . . . . . . . . . . . . . . . . . . . 120
4.5 Profile of the error as an exponential function; A: SSA, B: ESA . . . 122
4.6 Step response of the actuator and the model . . . . . . . . . . . . . . 124
4.7 Structure of adaptive feedforward control . . . . . . . . . . . . . . . . 125
4.8 Microdispensing installation in X-Y table; (1) injector, (2) work piece,
(3) piezoelectric actuator, (4) liquid container, (5) X-axis, (6) Y-axis . 126
4.9 Comparison between the performance of ESA and SSA; (a) overview,
(b) highlighted . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
xii
4.10 Performance of the system; (a) with adaptive controller, (b) with PID-
only controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.11 Patterns of droplets; (a) circle pattern, (b) array pattern . . . . . . . 131
4.12 Gravitational force . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
4.13 Pressure force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
4.14 Surface tension force . . . . . . . . . . . . . . . . . . . . . . . . . . . 134





Precision is a key to many successful automation processes. A process may be de-
signed with sophisticated working principle and excellent control algorithm, but if the
precision of the process is not up to the requirements, then the process will not be
able to serve the purpose, resulting in unsuccessful operation. Therefore, it is imper-
ative to design actuators with capabilities of performing actions with an achievable
precision within the range of requirements.
Fundamental and applied works, technologies, and manufacturing processes are
now moving towards product miniaturization, with the requirements of motion control
in terms of positional accuracy of the order of sub-micrometer level. In the early
1980s, semiconductors and biomedical industries started to demand for high-precision
actuators to execute a more precise positioning and manufacturing throughout their
processes. The requirements pertaining to the precision of motion vary substantially
according to the applications of the devices. As such, high-precision actuators are now
in high demand, and are expected to perform various types of actions; from rotation
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to translation, high torque capability, wide speed range, etc. The application areas
of high-precision actuators are as diverse as aerospace, microelectronic, biomedical,
and nanotechnology. In the following, a brief description of the areas of application
of high-precision actuators is discussed.
Micro-electro-mechanical system (MEMS) is the synergistic integration of me-
chanical and electronic components on a common platform through the utilization
of fabrication in micro- or submicrometer scales (often termed as microfabrication)
[1]. A MEMS component consists of sensors, actuators, and control electronics in
a compact structure and small size. Examples of MEMS components are pressure
sensors, flow sensors, inkjet dispenser, and micromotors, which now practically ap-
pear in many industrial devices. The development of MEMS started with a bulk
pressure sensor in the beginning of 1980s to over 1 million micro-mirror arrays in a
few millimeters chip. Advantages often associated to MEMS are reduction in cost for
mass production, reduction in size, reduction in power consumption, and improving
functionalities and capabilities.
In microfabrication processes, a precision of 10 µm or less is typical. Currently,
structures such as transmission gears, friction drives, and motors can also be man-
ufactured utilizing microfabrication, resulting in small and compact devices. Mi-
crofabrication is also required in the fabrication of integrated-circuit (IC). Standard
processes in IC fabrication include, for example, thin film deposition, photolithog-
raphy, and dopant introduction, all of which demands precision at an atomic level.
Over the years, the density of the components contained in a single chip increases
exponentially, which puts even greater demands on precision. Figure 1.1 [2] presents
the rapidly growing number of transistors in Intel microprocessor over the years.
2
Figure 1.1: Number of transistors in Intel microprocessors
In the field of precision control, especially in high-precision actuation, piezoelectric
actuators are nowadays among the most widely-used types of actuators.
Piezoelectric actuators have received increasing attention in recent years along
with the emergence of new technologies, such as nanotechnology and biotechnology,
which require precision control in unprecedented demand. Owing to many inherent
merits of these actuators, such as, high resolution of displacement, high stiffness and
fast frequency response, piezoelectric actuators have been broadly used in many ap-
plications requiring fine position control, such as rotor bearing [3], diamond turning
[4], scanning accuracy [5], vibration suppression [6], grinding table [7],and microlitho-
graphy [8]. The application of piezoelectric actuators is further fueled by the trend of
miniaturization in applied research and in the industry nowadays. The field of piezo-
electric actuators is now an interesting subject of research worth spending millions
3
of dollars annually. Because of the superior characteristics of piezoelectric actua-
tors in terms of precision, the term piezoelectric actuator is closely associated with
high-precision actuator.
Piezoelectric actuators have also influenced research throughout the world, at-
tracting many researchers from many disciplines. The increasing popularity of piezo-
electric actuators in research field is reflected by the increasing number of citation
mentioning piezoelectric actuators, as presented in Figure 1.2; showing a steady in-
crease of about 300 citations every 4 years.
Figure 1.2: Citation number of piezoelectricity
The design and control of piezoelectric actuators, however, call for special ap-
proach that has to take care the unique properties of piezoelectric materials, as well
as the application to which the actuators are to be used, so as to achieve the require-
ments as prescribed by the applications. Therefore, a design approach that is suitable
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for designing high precision actuators becomes necessary. The properties of piezoelec-
tric materials that significantly affect the application’s design and the control system
are the nonlinearity, characteristics of travel motion, and piezo-/inverse-piezo-electric
effect, which will be discussed in detail in Chapter 2. The usual approach of design-
ing from off-the-shelf actuators, and of assembling with off-the-shelf transmission is
no longer sufficient [9]. Such approach leaves the connection between parts of the
actuation system – the mechanical system and the electrical system – loose. The
expected design approach should therefore maintain the integration of all parts of the
actuation system; addressing the abovementioned problem.
Apart from the abovementioned motivation, the unique property of piezoelectric
element, in which it can be used as a sensor as well as an actuator, opens up a
possibility of combining these two functions in a single element; resulting in a highly-
integrated system. This enhances the actuation system in several ways as follows:
• full exploitation of piezoelectric capabilities,
• integrated structure of actuator and sensor, allowing modular design for intel-
ligent system.
1.2 Research Objectives
This research focuses on the development of piezoelectric actuators in a comprehensive
manner, in that it tries to cover the issues and considerations right from where the
requirements were set.
Both external-sensing and self-sensing actuators are discussed in this thesis. External-
sensing actuator (ESA) refers to using the piezoelectric element purely as an actua-
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tor, while a separate sensor is installed in the actuator to measure various outputs.
This is the common approach as other actuators such as DC motors or AC motors.
Self-sensing actuator (SSA) is a special technique that employs the capabilities of
piezoelectric material to act as a sensor. This technique is indeed applicable to smart
materials in general; piezoelectric included.
Along with the abovementioned objective, two general types of mechanism are
discussed: direct-drive and indirect-drive mechanisms. The discussion is presented in
relation to the control system that entails the complete drive-system.
In conjuction, there are also certain applications to be completed with piezoelec-
tric actuators. This is related to the projects undertaken in the Mechatronics and
Automation Laboratory. These applications are intra-cytoplasmic sperm injection
(ICSI) and a microdispensing system.
This research, therefore, covers the general types of actuation system and mech-
anism, with suitable design of control system to adapt to different operating and
actuation condition.
This research was conducted primarily at the Mechatronic and Automation Labo-
ratory of the National University of Singapore (NUS). Parts of the project, especially
the field test part, were also conducted in parallel at the Faculty of Medicine.
1.3 Scope of the Thesis
Pertaining to the design of piezoelectric actuators, a comprehensive procedure requires
the following matters to be discussed:
1. Material design
6
This issue is related to the designing and forming of the material. As will be
explained later in Chapter 2, common piezoelectric material is composed of
ceramics with dopant. Material design discusses topics such as the type and
amount of ceramics, dopant, and their polarization.
2. Mechanical design
This issue is pertaining to the assembly and connection of piezoelectric mater-
ial/element.
3. Electrical design
Electrical design discusses the manner to drive the piezoelectric element.
4. Control system design
Control system design is mainly about how to control the piezoelectric actua-
tors to obtain desirable output. This is especially important when the strong
nonlinearities of piezoelectric actuators are considered.
5. Application examples
The piezoelectric actuators are eventually to be implemented in certain appli-
cations and therefore the applications are also important to consider. The ap-
plications dictate the requirements as well as the constraints of the piezoelectric
actuators.
This thesis attempts to discuss the design and control of piezoelectric actuators
from a point of view of mechatronic systems, which is a synergy between mechanical,
electrical, and computing engineering. The discussion of material design is, therefore,
excluded from this thesis.
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1.4 Outline
The thesis is organized as follows.
Chapter 2 presents the general issues pertaining to piezoelectric actuator, includ-
ing the design and control aspect of the actuator. This chapter first touches on the
issue of piezoelectricity from the material stand point; without too much detail about
the crystal or the material itself. Next, the inherent nonlinearity of piezoelectric ma-
terial is discussed, mainly on how it affects the performance of piezoelectric actuator.
General concept on mechatronic design pertaining to designing a piezoelectric actu-
ator follows, with an aim to present a general approach that is used throughout the
thesis.
Chapter 3 presents the development of piezoelectric actuator with external-sensing
actuation (ESA) technique. This technique is essentially the usual configuration of
feedback control system, where the control system is comprised an actuator and a
sensor; both physically separated. In this chapter, the piezoelectric actuator being
developed is to be applied in an intra-cytoplasmic sperm injection (ICSI) installation.
The piezoelectric actuator is used to drive a glass pipette in a precise manner of the
order of sub-micrometer. The sensor is a strain gauge – which is clearly physically
separated from the actuator, emphasizing ESA technique – and is used to provide a
sensing signal pertaining to the position of the actuator.
Chapter 4 presents the development of piezoelectric actuator with self-sensing
actuation (SSA) technique. This technique combines sensing and actuating functions
simultaneously in one component, i.e. the piezoelectric element. This technique
makes use of the twin properties of piezoelectric material of generating electrical
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charges upon application of force and generation of displacement upon application of
electrical charges. In this chapter, the application is on a microdispensing installation,
where the piezoelectric actuator is used to drive an injector to dispense liquid in
minute volume.




Literature Review and Background
This chapter provides the theoretical foundation for Chapter 3 and Chapter 4, which
are the main chapters of this thesis. A great deal of literature exists on the design
and control of piezoelectric actuators as outlined in [10], especially those related
to precision control. The theoretical background covered in this chapter includes
piezoelectricity and its nonlinearity, design of piezoelectric actuator with mechatronic
approach, and control issues in the design of piezoelectric actuators – that touch on
control strategy to drive piezoelectric actuator satisfactorily.
The next two sections are related to the specific application of piezoelectric actu-
ator. Section 2.5 discusses non-conventional links used in systems with piezoelectric
actuators. Finally, Section discusses adaptive control, which will be the backbone of
the control system in overcoming the nonlinearity of piezoelectric actuators.
2.1 Piezoelectricity
The discovery of piezoelectricity is attributed to the research conducted by the French




This is an effect where a crystal becomes electrically polarized when a mechan-
ical load is applied. This effect is useful in its application as a sensor.
• Inverse piezoelectric effect
This is an effect where a crystal becomes mechanically deformed when an elec-
trical charge is applied. This effect is useful in its application as an actuator.
Piezoelectricity in a material requires that the crystal structure of the material
be without centre of symmetry. The crystal is then intrinsically polarized such that
when it is subjected to mechanical strain or an electric field, the distance between
the positive and negative dipole of the crystal changes, leading to a net polarization
of the material (piezoelectric effect) or to a deformation (inverse piezoelectric effect).
Despite its interesting and useful property, piezoelectric crystal was impractical to
be used in real-life applications due to its small amount of polarization or deformation;
making it not feasible in engineering applications. It was not until 60 years since its
discovery, however, that piezoelectricity found practical applications when it was
discovered that ceramics also exhibit piezoelectricity upon being doped with external
substance. World War II saw a boost in the application of piezoelectric ceramics as
sonar detectors.
The performance of piezoelectric materials is represented in several parameters
that can be classified into dielectric property, mechanical property, and piezoelectric
property.
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The dielectric properties of the piezoelectric crystal determine the performance of
a piezoelectric element in generating electric polarization or mechanical deformation.
The dielectric properties are represented by:
• relative permittivity, , which indicates the maximum charge that can be stored
on the piezoelectric material,
• dielectric loss, tan(δ), which indicates the ratio of the amount of energy lost
and the amount of energy stored in the piezoelectric material.
High value of these parameters in a piezoelectric material indicates a stronger piezo-
electric (or anti-piezoelectric) effect, which is desirable.
The mechanical properties of the piezoelectric crystal determine the deformation
characteristics of the piezoelectric element, both for sensing and actuation. The
mechanical properties are represented by:
• mass density, ρ, which determines the deformation behaviour during change,
i.e. the transient response of the piezoelectric element,
• elastic stiffness, c, which indicates its resistance to deformation, i.e. the diffi-
culty of the piezoelectric element to deform when subjected to force or electrical
charge,
• Poisson’s ratio, ν, which is a measure of the ratio of the deformation of the
piezoelectric element in the intended direction to the other directions.
Piezoelectric property of the crystal is represented by piezoelectric constant, e,
which relates the mechanical strain to the electrical charge, both in the sensing and
actuating functions.
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All of the abovementioned properties are usually expressed in certain direction(s),
which depend on the coordinate of interest; mathematically, either rectangular, cylin-
drical, or spherical. This is not discussed in detail in this thesis, but will be used
directly in designing the piezoelectric actuator in Chapter 3.
A widely accepted approximation of the piezoelectric behaviour of a material is
presented by a constitutive equation as follows [11]:
σij = cEijklskl − ekijVk (2.1)
Di = eiklskl + SijVk (2.2)
where σ is stress vector, s is strain vector, V is electric field vector, D is electric
displacement vector, c is elastic stiffness constant matrix, e is piezoelectric constant
matrix, and  is permittivity constant matrix. Superscript E and S denote constant
electric field and constant strain, respectively; while i, j, k, and l are indexes that
signify the direction of the respective variable.
There are three principle modes of deformation of a piezoelectric element, with
regards to its direction of activation voltage and polarization. Figure 2.1 depicts
the deformation of piezoelectric element in cylindrical coordinate. The vectors E,
P , and ∆ denote the direction of activation voltage, polarization, and deformation,
respectively. The hatched surface indicates the electrode applied to the piezoelectric
element.
In a practical application, however, it is sufficient to consider that upon activation
a piezoelectric element will deform along all three principle directions. When, for
example, a cylindrical coordinate is considered, the deformation can be depicted as
in Figure 2.2. In Figure 2.2, the shadowed surface is fixed onto a platform, and rˆ, φˆ,
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Figure 2.1: Principle mode of deformation of piezoelectric element in cylindrical co-
ordinate: (a) longitudinal, (b) transversal, (c) shear
and zˆ denote the three principle axes, with the activation voltage applied across the
inner and outer surface. The solid lines represent the original shape/dimension, while
the dotted lines represent the post-deformation shape/dimension of the piezoelectric
element.
Figure 2.2: Principle deformation of piezoelectric element in cylindrical coordinate:
(a) radial, (b) axial, (c) tangential
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This research concerns itself with piezoelectric ceramics, or piezoceramics, as the
piezoelectric element. Piezoceramics will be used as the material of the actuators for
reasons as mentioned above, considering also the various properties of piezoelectric
element as discussed in this section.
2.2 Nonlinearity in Piezoelectric Actuator
As in many systems, piezoelectric actuators suffer from a nonlinearity that reduces
their performance and compromise their otherwise high precision. Because of the non-
linearity of piezoelectric actuators between the displacement and the electric field, the
response of piezoelectric actuators to an input becomes unpredictable and uncontrol-
lable. Among many types of nonlinearity in a control system, there are some types
of nonlinearity commonly present in piezoelectric actuators as identified in [12].
Friction is a very common nonlinearity which is present in almost all motion sys-
tems. It induces stick-slip effect in the initial state of motion. Limit cycle oscillations
can also occur due to the discontinuous nature of the frictional force with respect to
velocity. Friction force is often considered as a combination of various components;
including stiction, Coulomb friction, and viscous friction. The combination of these





F (χ˙) if χ˙ 6= 0
u if χ˙ = 0 and | u |< Fs
Fssgn(u) otherwise
(2.3)
Each force is then considered individually as a component to the combined force F
as follows:
F (χ˙) = (Fc + (Fs − Fc)e−|χ˙/χ˙s|
δs + Fvχ˙)sgn(χ˙), (2.4)
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where Fc is the minimum level of Coulomb friction, Fs is the level of stiction, χ˙s is the
Stribeck velocity, δs is the empirical parameter used to describe the Stribeck curve,
and Fv is the viscous friction parameter.
This set of equations will be used to describe friction behaviour of piezoelectric
actuator in Chapter 3.
Another type of common nonlinearity, force ripples, which is caused by dead time
and time delay, poses several difficulties to motion systems. One of the difficulties is
bumps along the direction of motion, which will cause difficulty in achieving smooth,
high speed motion without using nonlinear control. It is usually modeled as a periodic
disturbance occuring in a sinusoidal manner, i.e.:
fripple(x) = Arsin(ωx + ϕ) = Ar1sin(ωx) + Ar2cos(ωx). (2.5)
This equation will be used to describe force ripple behaviour of piezoelectric ac-
tuator in Chapter 3.
Model-based approaches have been proposed to compensate for friction and force
ripples in linear motors. In [14] and [15], an adaptive robust control scheme was
proposed for high speed and high accuracy motion control. Huang et al. [16] presented
a robust adaptive approach to compensate friction and force ripples. In [17], a force
ripple model was developed and identified with a force sensor, based on which a
feedforward compensation component was designed.
Different from other types of nonlinearity as described above, hysteresis does not
represent force, but rather a drift of position. It is yet another type of nonlinearity
present in motion systems, and even more so in piezoelectric actuators under dis-
cussion. Hysteresis is nondifferential, multivalued, usually unknown, and commonly
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existing in physical systems such as piezoelectric actuator [18]. The existence of
hysteresis often severely limits the performance of a piezoelectric actuator, causing,
among others, undesirable oscillation and instability. While its effect may be neg-
ligible in a long-range motion systems, it significantly impedes the performance of
short-range motion systems, such as direct-drive actuators.
Hysteresis can be corrected using a large signal control [19], but it will lead to
saturation and drift. Model-based approaches have also been proposed to compensate
for hysteresis, such as feedforward and PID feedback controller [20].
There have been many attempts to model and study the behaviour of these types
of nonlinearity.
The hysteresis model developed by Preisach is widely-used to model the hysteretic
phenomena. Preisach model is composed of hysteresis operator γαβ, each of which
exhibits one local memory hysteresis. Originally developed for magnetic materials,
this model has been adjusted to suit piezoelectric materials as treated in [20]. The
necessary modifications are as follows:
• the limiting value of hysteresis function between +1 and 0, instead of +1 and
−1,
• the hysteresis loop of piezoceramic actuator prevented from attaining satura-
tion,
• the operation of the actuator cycled between zero and a maximum value, relax-
ing the necessity of congruency in the model.
The mathematical model of Preisach hysteresis, whereby the output is displace-
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µ (α, β) γαβ [u(t)] dαdβ (2.6)
where x(t) is the output displacement of a piezoelectric actuator, µ (α, β) is a weighing
function, u(t) is the input, γα,β [u(t)] is the hysteresis operator, and α and β represent
the ascending and descending switching values of the input.
To derive the weighing function in terms of experimental data, a correction func-
tion is defined as follows:
X(α′, β ′) = χα′ − χα′β′, (2.7)
with α′ and β ′ represent the actual value of α and β, respectively.
With the derivation as in [21] for hysteresis with nonlocal memory, the displace-




[X(α′k, β ′k−1)−X(α′k, β ′k)] +X[u(t), β ′k], (2.8)
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and X (α′k, β ′k) are past input extrema.
Figure 2.3 shows the simulation result of modeling of hysteresis.
There has been a lot of research with objective to overcome the adverse effects of




Figure 2.3: Hysteresis based on Preisach model
• control approach.
Electrical approach concerns with using electrical technique, i.e. more of using
hardware as a mean to achieve the objective. This approach includes using electric
charge, rather than electric voltage, to actuate the actuator, as demonstrated in [19],
[22], and [23]. This approach, however, is often impractical in real application, as
evident from the requirement of using less-available charge amplifier.
Control approach concerns with using control theory to determine the suitable
activation signal such that the effect of hysteresis is overcome. This approach relies
on mathematical computation, sometime rigorous and intensive.
This research uses control approach to overcome the piezoelectric nonlinearities
of the actuator; as is presented further in Section 2.4 and in the respective chapters
in this thesis, i.e. in Chapter 3 and Chapter 4.
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2.3 Design of Piezoelectric Actuator with Mecha-
tronic Approach
According to the structures and driving principles, there are two main classes of
piezoelectric actuator designs [24]:
• direct-drive actuator,
• indirect-drive actuator.
In direct-drive actuators, the deformation of the piezoelectric element is directly
used to drive the load, i.e. without transmission mechanism between the piezoelectric
element and the load [25]. This configuration allows the generation of a high force with
a limitation of the achievable travelling distance. Examples of direct-drive actuators
include piezoelectric stack actuator, presented in Figure 2.4. In this type of actuator,
the motion of the piezoelectric elements are directly transferred to move the load
placed on top of the actuators. The stack of the piezo-elements is configured in
parallel as shown in Figure 2.4 to increase the travelling distance without necessity
to drastically increase the activation voltage.
In indirect-drive actuators, the deformation of the piezoelectric element is trans-
ferred to the load via series of mechanical transmission, such as friction and flexural.
The generated force and maximum moving speed in indirect-drive actuators are very
low, although there is no physical limitation to travel length and resolution [26].
Examples of indirect-drive actuators include ultrasonic piezoelectric motor, shown
in Figure 2.5. In this type of actuator, the motion of the piezoelectric element is
transferred to the moving table via friction; i.e. the axial ultrasonic wave of the
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Figure 2.4: Piezoelectric stack actuator
piezo-element is transmitted by friction to yield in planar motion of the table.
Figure 2.5: Ultrasonic piezoelectric motor
The choice of configuration type affects the control of the actuators due to the
relation between the types of configuration and the dominant nonlinearity present
in the actuator. The dominant nonlinearity characteristic in a direct-drive actuator
is known to be hysteresis [20], while in an indirect-drive actuator it is known to be
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friction [27].
Applications of piezoelectric actuators, such as active noise control [28], active vi-
bration control [29], and actuator design [30], take advantage of the inverse piezoelec-
tric effect to produce deflections on the order of tens of micrometers. Many researchers
have also discovered that deflections can be increased dramatically by the use of an
imposed restriction, curving the actuator, and mechanical advantage; leading to the
invention and usage of structures such as C-blocks [30], Moonies [31], thunder, and
rainbows [32]. The introduction of imposed restrictions and curving often introduces
additional nonlinearities and amplifies the amount of hysteretic behavior. This is
another factor to be considered in designing piezoelectric actuators.
The design of the piezoelectric actuator in this thesis is accomplished using mecha-
tronic approach, which is a synergetic combination of precision engineering, electronic,
control technology, and system thinking in the design of products and processes [9].
It therefore involves a multidisciplinary approach for design, development, and im-
plementation. In the traditional development of an electromechanical system – which
is commonly the case with a piezoelectric actuator, the mechanical components and
electrical components are designed separately and then integrated. In contrast, the
mechatronic approach involves treating the entire electromechanical system concur-
rently in an integrated manner. Naturally, a system formed by interconnecting a set
of independently designed and manufactured components will not provide the same
level of performance as those designed with integrated and concurrent approach [33].
Technology issues and needs of a general mechatronic system are indicated in
Figure 2.6 [9], showing that they span the traditional fields of mechanical, electrical,
electronic, control, and computer engineering. Each aspect or issue within the system
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may take a multidomain character.
Figure 2.6: Technology in a general mechatronic system
The design of piezoelectric actuators presented in this thesis will cover the two
designs of direct- and indirect-actuator. The two designs will be presented in different
chapters with their own applications. The choice of the designs is dictated by the
requirements of the applications.
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2.4 Control Issues in Relation to Piezoelectricity
As mentioned above, the requirement of high-precision positional accuracy of the
order of sub-micrometer has nowadays been increasing, putting piezoelectric actua-
tors to the forefront of high-precision actuators for their high-stiffness, fast response,
and high resolution. In their applications, however, their nonlinearity affect the po-
sitioning accuracy, which is ironically the motivation behind their usage in motion
system.
A special control strategy is therefore required for acceptable performance of piezo-
electric actuators; whose aim is usually to overcome the nonlinearity of the actuators.
Various control strategies to address the abovementioned issues have been proposed.
These control strategies can in principle be classified into model-based and model-free
approaches, depending on whether the control strategies require modeling or not.
An example of an approach that requires modeling is proposed by Newcomb and
Flinn [19], which is based on a linear relationship between the driving charge and
displacement of the actuator, and which is essentially a feedforward control technique
for eliminating the hysteresis. In [34], a linear model-based active structure control
is proposed. In [35] and [36], an adaptive technique based on the least mean square
(LMS) identification algorithm is used to compensate the nonlinearity of the actuator.
In [37], the Duhem model-based controller is developed to address the hysteresis. In
[38], the Maxwell slip model is proposed as the basis for the design of a feedforward
compensator. In [39], the hysteretic nonlinearity is regarded as a constant phase lag,
and accordingly, a phase-lead model-based compensator is designed for enhancing the
control performance. In [40], a neural network model is established, which is then
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used in the controller design to compensate the hysteresis.
When certain nonlinearity, e.g. hysteresis, is considered to be dominant, the
control strategy can be directed to overcome that nonlinearity first. An example is
a PID feedback controller using a classical Preisach model to control the hysteresis
of piezoelectric actuators as presented in [20]. However, although its hysteresis effect
and linear relationship are apparently improved, there are several drawbacks of this
method as follows:
• requiring rigorous experimentation,
• complex computation,
• PID gains not following the change of input signal.
These may result in instability in the closed-loop system.
In [41], a method using neural network and Preisach model to make up of feedfor-
ward controller and feedback controller is presented, with the introduction of Preisach
model to augment the complexity of computation.
Since model-based approaches rely heavily on the accuracy of the model, model-
free approaches become the apparent choices when the nonlinearity is difficult to
describe with a mathematical formula.
An example of approach that does not require rigorous modelling is presented
in [24], where a learning PID controller for vaguely modeled nonlinear systems is
developed under significant disturbance and noise; in which the maximum position
tracking error can be further reduced by a factor of approximately 50 %. Another
example, introduced by Cruz-Hernandez and Hayward [42], is a variable phase, an
operator that shifts its periodic input signal by a phase angle that depends on the
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magnitude of the input signal. However, this study requires redesigning for different
piezoelectric actuators. Tao and Kokotovic [43] use a simplified hysteresis model that
captures most of the hysteresis characteristics; the design uses an adaptive hysteresis
inverse cascaded with the system so that the system becomes a linear structure with
uncertainty. However, the linear dynamic system must satisfy some assumptions, e.g.
minimum phase system and known relative degree. Ge and Jouaneh [20] discuss a
comparison between a feedforward control, a regular PID control and a PID feedback
control with hysteretic modeling in the feedforward loop. The result shows that the
tracking control performance is greatly improved by augmenting the feedback loop
with a model of hysteresis in the feedforward loop. However, the result is only valid
for tracking a sinusoidal trajectory. Other model-free approaches include [44] and [45]
that discusses learning controllers based on neural networks, as well as [46] and [47]
that presents fuzzy-logic-based controllers.
Despite the appeal of model-free approaches, there are still unresolved challenges
in the implementation of those control system strategies, making practising engi-
neers still comfortable and persisting with conventional-type of control systems, PID
control.
The control system strategy in this thesis is designed to overcome the nonlinearity
of the piezoelectric actuators – that obviously requires advanced control, while at the
same time is easy to implement and to understand. Departing from this motivation,
the proposed control system in this thesis employs PID control, augmented with
nonlinear control to specifically address the nonlinearity of the piezoelectric actuators.
The proposed control system in general is depicted in Figure 2.7.
In the proposed control, the total control signal is the addition of the feedback
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Figure 2.7: General structure of proposed control system
control and the feedforward control. The main role of the feedback control is to
grossly maintain the output to follow the tracking reference. It can be thought of
as controlling the linear portion of the actuator, where the behaviour is more pre-
dictable. The main role of the feedforward control is to overcome the nonlinearity of
the actuator, which causes the output to deviate from what would have been when
the actuator were to be free from nonlinearity.
This thesis shall focus on the feedforward portion of the control, i.e. addressing
the nonlinear control.
2.5 Mechanical Link for High-Precision Actuators
Sliders, universal joints, gears, etc. are conventional mechanical links that are com-
monly used in drive systems. However, their clearance and tolerance, which is integral
into their working principle and viability, render their inapplicability in applications
with high precision, such as in piezoelectric actuator system.
For applications with high precision requirements, where micrometer level toler-
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ance is unacceptable, flexible joints, commonly known as flexures, offer an alternative
to conventional mechanism. This technology has been around for the past 50 years
and has been used widely in applications with piezoelectric actuators for micromanip-
ulation [48]. Several types of flexures have been discussed in [49] and [50]. Flexures
utilize the compliance of a material in order to allow small transmission of motion,
thereby eliminating the presence of backlash, which is a hindrance for high precision
motion. Furthermore, the use of flexures prevents friction, and therefore wear, which
is another advantage of using flexures.
The design of piezoelectric actuator in this thesis utilizes a few of flexures for the
apparent reason of precision. There are several criteria to follow in the design of
flexures to achieve maximum advantage. Those criteria are as follows:
• Range of motion
All flexures are limited to a finite range of motion since joint members do
not move freely relatively to each other; unlike rigid joints which can rotate
or translate in a much longer range. When force is applied to the flexures,
instead of moving like rigid joints, flexures deform elastically towards its yield
stress. When the yield stress is reached, elastic deformation becomes plastic,
after which joint behaviour becomes unstable and unpredictable. The range of
motion of flexures is determined by both the material (permissible stress and
strain) and geometry of the joint. This precaution is also taken into account in
the design of actuators in this thesis, in that the motion of mechanism is limited
to cause elastic deformation only.
• Axis drift
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Axis drift refers to the drift of the centre of rotation when the flexures are in
operation. This is a form of parasitic motion that causes imprecise motion of
the flexures, i.e. the centre of the rotation does not remain fixed with respect to
the links it connects to (in the case of rotational joints) or there exists consider-
able deviation from the axis of straight line motion (in the case of translational
joints). Axis drift can be overcome by adding symmetry to the design of a joint.
However, this often increases the stiffness of the joint in the desired direction
of motion. In addition, more space is required to accommodate any symmetric
joint components. Having minimal axis drift is essential to preserving the kine-
matics of the original mechanism when doing conventional joint replacement
with flexures. Naturally, it is desired to have a low axis drift for high precision.
This precaution is also taken in the design of actuators in this thesis, in that
the fixed point of the flexures is designed to coincide with its pivot point.
• Off-axis stiffness
While most flexure joints deliver some degree of compliance in the desired di-
rection, they typically suffer from low rotational and translational stiffness in
other directions. A high ratio of off-axis to axial stiffness is considered a key
characteristic of an effective compliant joint.
• Stress concentration
Many flexures have areas of reduced cross-section, often in the shape of a notch,
through which their primary deflection occurs. Depending on the shape of these
reduced cross-sections, the joints may be prone to high stress concentrations and
hence a poor fatigue life.
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Based on the nature of motion, flexures can be classified into rotational joints
and translational joints, whose main motion is rotation and linear, respectively, with
respect to the axis of motion. Based on the construction/structure of the mechanism,
flexures can be classified as follows (refer to Figure 2.8):
• Notch joints
A notch joint is so named for its appearance, and also the way it is manufac-
tured. Most notch joints are pivots that may come in a rectangular or elliptical
shape. This joint is among the first to be developed and is nowadays widely
applied in high-precision applications. The notch shape is intended to reduce
the stress concentration at the motion area, as well as increase the range of
motion of the joint.
• Beam-based joints
Beam-based joints rely on the deflection of a beam, i.e. a relatively thin, long
bar, upon the application of force. The elasticity of the beam causes the de-
flection to be small (of the order of sub-micrometer) and linear, i.e. directly
proportional to the applied force. Beam-based joints can be designed in many
shapes and configuration, including the famous leaf-spring.
• Compliant joints
Compliant revolute joint maintains zero axis drifting by virtue of two joint
holders at the two ends of the flexible cross bar. It therefore has a large range of
motion with a high ratio of off-axis stiffness to stiffness in the desired direction
of motion. The main structure of the joint is a cross bar. A fillet, however,
is usually incorporated in the design to reduce the stress concentration and
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increase the range of motion. Stress concentration is a consequence of the fixed
joint at the two ends of the cross bar. The addition of fillet comes with another
consequence of small increase in torsional stiffness.
Figure 2.8: Types of flexures, a. notch joints, b. beam-based joints, c. compliant
joints
The main idea of employing flexures in a high-precision mechanism is to exploit
the mechanical properties of the material itself, especially its elasticity, in facilitating
motion between relatively moving parts of the systems. This is as illustrated in Figure
2.9, where a four-bar mechanism is presented in its undeformed and deformed state.
The deformed state is to fulfill the intended motion without the presence of backlash
at the joints [51].
This thesis, as discussed later in Chapter 3 and Chapter 4, employs a flexure
hinge as an amplification mechanism and some sort of deflection mechanism. These
mechanisms are chosen to comply with the applications of the actuators.
A flexure hinge generates movement by its tiny elastic deformation. This has been
applied in many high precision positioning systems because this mechanism is free
31
Figure 2.9: Four-bar mechanism using flexures in undeformed (solid line) and de-
formed (dashed line) state
of slip, backlash, bearing noise, and lubrication; while at the same time it maintains
a high resolution of typically less than 20 nm. It is designed such that the limited
stroke of piezoelectric actuators is amplified to meet the desired displacement. In
general, to avoid two-layer or overlapped mechanism, the 2 guide-ways of flexure
hinge are provided on one base instead of one on top of the other. Ductile material
with high elasticity (i.e. low stiffness) is preferred to for this mechanism. However,
with the limitation of short travel range, flexure hinge can only be applied in short
stroke positioning. Modification of its structure can still be exploited to stretch its
maximum travel distance, albeit limitation, such as presented in [52].
This mechanism will be used in Chapter 4 for the development of a microdispens-
ing system, with the main purpose to amplify the small displacement of the piezo-
electric actuator. Due to its elastic motion, the amplification ratio of the system,
presented in Figure 2.10 can be formulated as follows [53]:
T = ACAB (2.10)
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Figure 2.10: Flexible hinge in Chapter 3
The deflection mechanism is utilized in the design of a partially-rotating actuator
in Chapter 3. The activation of the piezoelectric element will cause that element
to deflect. The design will utilize the length of the element to provide tangential
deflection, producing the required high-precision motion.
2.6 Adaptive Control
While there are various types of controllers that can be employed to address the
nonlinearity of piezoelectric actuators, adaptive control is used quite extensively in
this thesis for the following reasons:
• nonlinear dynamic of the piezoelectric actuator,
• time-varying dynamic of the piezoelectric actuator.
It is therefore introduced here first to provide some idea of the adaptive control; and
does not suggest that this is the only controller possible for piezoelectric actuators.
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According to Webster’s dictionary, to adapt means to change (oneself) so that
one’s behavior will conform to new or changed circumstances.
An adaptive regulator (controller) is a regulator that can modify its behaviour in
response to changes in the dynamics of the process and the disturbance; especially
nonlinearity in the case of piezoelectric actuators. It is a special type of nonlinear
feedback control in which the states of the process can be separated into two categories
that change at different rates as follows:
• fast changing rate for the ordinary feedback,
• slow changing rate for the regulator parameters update.
Because of its nonlinear nature, this controller is suitable for applications with piezo-
electric actuators to ensure that the system behaves in a satisfactory manner, i.e. low
tracking error. Adaptive systems and adaptive control have been used as early as
1950 [54][55].
Research in adaptive control is motivated by a need to cover control systems
with wide range of reference, coupled with nonlinear and time-varying dynamics. In
practice, the design of autopilots for high-performance aircraft was one of the primary
motivations for active research on adaptive control, started in the early 1950s.
The strategy for adaptive control can be explained as follows. For an operating
point of i in a system, let the linear model have the following form:
x˙ = Aix +Biu, (2.11)
y = Cix +Diu, (2.12)
where Ai, Bi, Ci, and Di are functions of the operating point i, and where the initial
condition of x(0) = x0 is satisfied. The changes in operating point lead to different
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values of Ai, Bi, Ci, and Di. Because the output response y(t) carries information
about the state x as well as the parameters, a controller is able to learn about pa-
rameter changes by processing y(t) and use the appropriate gains to accommodate
them. This, indeed, is the basis of adaptive control, where the parameters of the
system are adaptively changed based on the output information of the system. The
basic structure of adaptive controller is presented in Figure 2.11. The way of chang-
ing the controller gains in response to changes in the plant and disturbance dynamics
distinguishes one scheme from another.
Figure 2.11: Basic structure of the adaptive controller
Motivated by this ability, this thesis proposes the use of adaptive control in the
actuators as designed and presented in Chapter 3 and Chapter 4. The proposed
controller, as later presented, makes use of a simple assumed model in an attempt
to overcome complex nonlinearity, such as hysteresis. As an additional note, the
application of adaptive control in hysteresis has to take into account the different
polarity or amplitude of the input signal that causes different hysteretic loops.
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Chapter 3
Design, Modeling, and Control of
External-Sensing Piezoelectric
Actuator
This chapter presents the design of piezoelectric actuator with an external sensor,
i.e. piezoelectric actuator only as motion enabler and not simultaneously as sensor;
as will be discussed in Chapter 4. This implementation is a common configuration
of a control system and is therefore without a specific name. In this thesis, however,
this implementation is called external-sensing actuation (ESA), to contrast it with
self-sensing actuation as described in Chapter 4.
The piezoelectric actuator discussed in this chapter has been successfully imple-
mented in intra-cytoplasmic sperm injection (ICSI) application, which is a cell manip-
ulation technique for artificial cell fertilization. There are two designs of piezoelectric
actuator presented in this chapter: linear-reciprocating and partially-rotating actua-
tors. The proposed actuators are to be used to realize fast and precise movements of
a needle/injector so as to penetrate an oocyte (egg cell) with high precision; thereby
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reducing potential damage to the oocyte, which includes dispersion, deformation, and
vibration. An adaptive control scheme is constructed to overcome the nonlinearity of
the actuator with satisfactory results.
In the future applications, an iterative learning control (ILC) is to be implemented
as well in the actuator as an alternative controller, which is made possible by the
repetitive nature of the trajectory. This is presented toward the end of this chapter,
with implementation in the linear piezoelectric actuator; same type with the two
proposed actuators.
3.1 Introduction
As has been mentioned in Chapter 1, in the area of micro- and nano-scale systems,
piezoelectric actuators have become increasingly popular candidates for actuation due
to their ability to achieve high precision motion (of the order of nanometer) and high
force generation (of the order of kilo-Newton). Furthermore, piezoelectric actuators
are versatile for implementation over a wide range of applications. The increasingly
widespread applications of piezoelectric actuators in various optical fibre alignment,
mask alignment, and medical micro-manipulators are self-evident testimonies of the
effectiveness of piezoelectric actuators.
One example of their applications, which is discussed in this chapter, is in intra-
cytoplasmic sperm injection (ICSI), in which a sperm is to be injected into an oocyte
(egg cell) via a needle for artificial fertilization.
Because of the uniqueness of the problems, each application calls for different sets
of requirements and specifications. The design of the related actuators is therefore to
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be conducted according the specific requirements of the applications (which is ICSI
in this chapter); and preferably from the earlier stage of designing.
In this application, a piezoelectric actuator is employed to drive the needle so that
it can accurately penetrate the oocyte and inject the sperm with minimum damage
inflicted to the oocyte. Adverse effects of imprecise penetration of the oocyte include
dispersion, deformation, and vibration of the oocyte. Excessive amount of those
effects in the ICSI procedure leads to mortality of the oocyte or the zygote (fertilized
oocyte), which eventually brings about a low level of cell development rate.
This chapter presents the design of the actuator from the early stage of design
using mechatronic approach, which is a synergistic application of mechanics, electron-
ics, controls, and computer engineering through an integrated design approach [9].
Indeed, there has been tremendous growth in recent years in designing mechatronic
systems with varying levels of embedded intelligence [56]. The piezoelectric actuator
for ICSI application is designed with this approach to address the adverse effects of
imprecise penetration, so that the final objective of a high cell development can be
achieved.
Two specific piezoelectric actuator designs are considered for this application, as
follows:
• Linear-reciprocating actuator
Linear-reciprocating actuator is designed to penetrate the oocyte by overcoming
the compression shear stress of the oocyte. The penetration action is executed
by reciprocating the needle against the oocyte along the axis of the injector.
• Partially-rotating actuator
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Partially-rotating actuator is designed to penetrate the oocyte by overcoming
the vertical shear stress of the oocyte. The penetration action is executed
by rotating the needle against the oocyte along the axis of the injector. The
rotation, however, is only partial, rather than complete, for a reason that will
be explained in Section 3.3.
The compression shear stress and vertical shear stress of the oocyte are illustrated in
Figure 3.1, by considering that the penetration of the injector comes from top, along
the Y-axis. The linear-reciprocating actuator acts against τxy (compression), while
partially-rotating actuator acts against τyx (vertical).
Figure 3.1: Principal stress
Although the mechatronic approach is used in both designs, this chapter em-
phasizes on the partially-rotating actuator, since this is the novel design proposed
to address the abovementioned issue with ICSI application. Indeed, the partially-
rotating actuator is designed from bare piezoelectric material. Linear-reciprocating
actuator, on the other hand, is designed utilizing off-the-shelf actuator; and is there-
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fore less emphasized here. Nevertheless, both designs of the actuator are viable in
ICSI application with satisfactory results, as evident later in Section 3.6.
In spite of many benefits of using a piezoelectric actuator in ICSI, there are chal-
lenges in their design and control, most notably the inherited nonlinearity of the piezo-
electric material. This behaviour represents an uncertainty to the control system that
can significantly reduce the achievable precision in oocyte penetration. To address
this issue in this application, adaptive control is applied so as to yield a robust control
performance, which is explained in details in Section 3.5. General models are pre-
sented for the purpose of control system design for both designs (linear-reciprocating
and partially-rotating).
Adaptive control is, of course, not the only viable way to address the issue of
nonlinearity in piezoelectric actuators. This chapter also presents another possible
way of addressing this issue, namely iterative learning control (ILC), which does not
require modeling of the actuator. The application of ILC in the control of piezoelectric
actuator is also presented in this chapter as a comparison, with application to the
control of linear piezoelectric motor. Although ILC is not applied in the ICSI, i.e.
not in the same actuator, the comparison is valid since the actuators used in this
chapter all belong to indirect drive class of actuators, as has been explained earlier
in Chapter 2.
The entire ICSI experiment was conducted on mice strain SPF C57 X CBA F1.
The complete experiment used a needle having 5 µm tip-diameter, containing a sperm,
to penetrate an oocyte having a diameter of 80 - 150 µm. The main requirement,
from engineering point of view, was formulated as follows: designing an automated
method to execute a highly precise piercing motion through a soft, elastic, movable
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ball membrane of oocyte with minimum deformation and vibration, and without caus-
ing damage to allow fertilization. Both devices were actuated by a voltage converter
for simplicity in the hardware, as opposed to using current/charge converter that sim-
plifies the controller. The application of current/charge control has been discussed
in [22] and [23] with significant reduction of the hysteresis nonlinearity of piezoelec-
tric actuator. Such an approach is, however, beyond the scope of work discussed in
this chapter. Furthermore, the use of such external substances, especially biologically
harmful substances, in the application is avoided. For example, it is well-known that
mercury can be (and is widely being) used to minimize the vibration imparted to the
oocyte in ICSI [57] since mercury acts like an inertia type vibration suppressor. How-
ever, the application of mercury can lead to serious health consequences, especially
in the subsequent fetal development [58].
This chapter is organized as follows. Following the introduction, the application
area of ICSI is described in detail in Section 3.2. In Section 3.3, the designs of
piezoelectric actuator to realize the linear-reciprocating and partially-rotating con-
figurations will be elaborated. The dynamic models of the two designs are given in
Section 3.4, along with a general model that is amenable for control design. The
adaptive control strategy for the proposed piezoelectric actuator is discussed subse-
quently in Section 3.5. Experiment results of the two proposed systems are then
presented in Section 3.6, where injection without sperm is executed to the oocyte
with the objective of assessment of performance of the proposed devices from engi-
neering point of view, i.e. how the actuators reduce the adverse effects of penetration
in terms of deformation and vibration. A successful penetration of the oocyte signi-
fies the viability of the proposed actuators in solving the deformation and vibration
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issue of the ICSI injection, which allows the extension of the research to complete
ICSI procedure using sperm. This is presented in Section 3.6, with the merits and
demerits of both actuators duly described. The results in terms of biological aspects
are also presented in this section. An alternative controller of ILC in the control of a
piezoelectric actuator is presented next in Section 3.7 as a comparison to the adaptive
controller, as mentioned above; followed by a conclusion.
3.2 Target Application: Intra-Cytoplasmic Sperm
Injection (ICSI)
Intra-cytoplasmic sperm injection (ICSI) is a laboratory procedure, which is a highly
specialized variant of in-vitro-fertilization (IVF), where fertilization is achieved by
injecting a sperm using a glass needle (injector) directly into the cytoplasm of an
oocyte (egg cell) [59]. It is used to treat infertility when there are abnormalities
in the number, quality, and function of sperms, i.e. when the problem is due to
male factor infertility [60]. The direct injection of the sperm into the cytoplasm of
the oocyte increases the likelihood of fertilization. ICSI was first reported in 1992
[61] and has since been used throughout the world [62] and has revolutionized the
management of severe male-factor infertility with high success rate [63]. ICSI has been
gaining popularity as an option of artificial insemination, and in Europe alone more
than 250 thousands cycles are started annually, with an increase of approximately 37
% from 1997 - 2000 [64]. Furthermore, ICSI opens up a possibility of conservation of
endangered animals.
The advantages of ICSI over other artificial insemination techniques, such as par-
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tial zona dissection (PZD) and subzonal sperm insertion (SUZI) [65], are as follows:
• no necessity for a sperm to be motile (although must be viable) [59],
• higher rate of normal fertilization and pregnancy [66],
• availability of several selections of species covered by this technique, as presented
in [67][68],
• not need to rely on external substances to penetrate the oocyte.
These factors contribute to the trend of using ICSI as a method of choice to treat
male infertility, which is, apparently, a very direct method of delivering a sperm into
an oocyte.
It is with this motivation that ICSI research is carried out instead of other artificial
insemination methods in this thesis.
3.2.1 General Procedure
An oocyte (Figure 3.2) comprises three parts: zona pellucida (cell membrane), oolemma
(vitelline membrane), and cytoplasm (vitelline). Zona pellucida is a thick, transpar-
ent, elastic membrane that is usually difficult to pierce at a low speed. In the ICSI
procedure, zona pellucida is the first to be punctured with an injector. The needle
is then advanced to the oolemma, which is a highly elastic membrane covering the
cytoplasm. Once the oolemma has been punctured, the sperm inside the needle can
be released into the deep area of the cytoplasm.
The general procedure of ICSI comprises the preparation of oocytes, oocytes
medium and culture medium, sperm medium, oocyte-holder and injection pipette,
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Figure 3.2: Structure of an oocyte
and finally the injection. The following procedure is based on the steps taken for
mice (strain SPF C57 X CBA F1), and is aimed to give an illustration of how the
preparation is usually conducted.
The oocytes are prepared from the female mice. The female mice are induced to
superovulate by intraperitoneal (IP) injection of 8 - 10 IU of serum gonadotrophin
(PMSG) 96 hours prior to the experiment, followed by another IP injection of 5 IU
of hCG 48 hours prior to the experiment. The oocytes are then released from the
oviduct of the female mice 2 hours prior to the experiment to maintain the freshness
of the oocytes.
The medium used for culturing the oocytes after injection is KSOM, which allows
outbred zygots to overcome 2-cell block and supports in-vitro development of various
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mouse strains [69]. The medium is used for containing the oocytes during penetration
and for culturing the zygotes from injection to blastocyst stage.
The sperms are obtained from the mature male mice of the same strain with the fe-
male. The sperms are kept in CZB HEPES + 10 % BSA solutions. The CZB medium
comprises 5 stocks of solution, with osmolality range controlled at the range of 283
- 286 mOsm. Prior to injection, the sperms are washed twice with the same solu-
tion. To facilitate sperm capture, the sperm is immobilized by abrading its tail. This
procedure includes putting the sperms into 10 % concentration of polyvinylpyrroli-
done (PVP), whose high concentration causes the sperms movement to be difficult.
The tails can then be abraded, so that the sperm will still be immobile when being
transferred into KSOM media for the remaining of ICSI procedure.
The prepared media are arranged in a dish as presented in Figure 3.3. The dish
is then put under the microscope and serves as the operating site of the entire ICSI
procedure.
Figure 3.3: Media preparation
Both the oocyte-holder and injection pipette are made from borosilicate glass
45
capillary tube, with outer and inner diameter of 1.00 and 0.75 mm, respectively. The
tube, having original length of 10 cm, is cut and pulled with injection pipette puller.
The tip of the injection pipette is further ground to attain outer diameter of 15 µm or
less. The oocyte-holder and injection pipette are then washed with reagent solution
made of 70 % fluoric acid. Mercury is not used as the reagent to avoid adverse impact
in cell-development stage, as has been mentioned in Section 3.1.
3.2.2 Difficulties with Conventional/Manual ICSI
The conventional procedure of ICSI consists of entirely manual operation; from abrad-
ing the sperm’s tail to injecting the sperm into the cytoplasm of the oocyte. Therefore,
the success of the conventional ICSI procedure depends heavily on the skill and ex-
perience of the operator/embryologist [70]. The main difficulties of this procedure
arise from puncturing the zona pellucida and oolemma. Large deformation of the
oocyte may occur, increasing the internal pressure of the oocyte, inducing emission
of ooplasm from the oocyte upon penetration, and eventually contributing to the
oocyte death. Furthermore, the high elasticity of oolemma does not allow the injec-
tor to readily penetrate the oocyte. The reported way of puncturing the oolemma
is to apply negative pressure, thus drawing along a certain amount of cytoplasm,
inducing further damage to the oocyte.
Despite the promising results and its prospective applications, conventional ICSI
also has drawbacks, such as genetic and congenital abnormalities in children conceived
with ICSI [59][71], multiple pregnancies (since two or more embryos are transferred
per cycle [63]), and possible introduction of foreign substances into the oocyte.
The drawbacks conventionally occur in manual ICSI and have been associated
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with its penetration nature, where penetration of an oocyte is conducted with an
injection pipette. In this regard, there is an issue of imprecise penetration by the
manual action of the operator, which is potentially damaging to the oocyte [63].
Furthermore, the oocyte also undergoes mechanical stress that may damage certain
intracellular structure [71].
Since the main problem is identified as imprecise penetration, there have been ef-
forts to improve the precision of the penetration by using piezoelectric actuator. This
approach involves employing a piezoelectric actuator to drive the needle in penetrat-
ing the oocyte, thereby reducing the adverse effect of manual penetration directly by
the operator.
Therefore, while manual ICSI has been performed successfully, ICSI with the
help of a piezoelectric actuator, known as piezo-assisted ICSI, is preferred and is
currently being developed [72][73]. This is due to its ability to deliver the injection
of sperm precisely into the cytoplasm of the oocyte [62], reducing the trauma to the
oocyte, increasing the survival rate, and potentially remedying the abovementioned
problems with manual ICSI. The accuracy of piezo-assisted ICSI is brought about by
the ability of piezoelectric actuator to deliver a highly-precise motion of the order of
sub-micrometer; while the size of an oocyte can be about as small as one hundred
micrometer. A highly-precise injection of oocyte will reduce the possibility of oocyte
injury, hence increasing the survival rate.
The piezoelectric actuator to be designed is intended to address the abovemen-
tioned issues of oocyte penetration to facilitate sperm injection, with a higher success
rate than conventional method.
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3.2.3 Current Design of Piezo-Assisted ICSI
In this thesis, the discussion is focused on the variety of patented devices, based on
piezoelectricity, to execute the injection during ICSI procedure.
A microinjection apparatus proposed in [74] is a candidate of piezo-actuator to
be used in piezo-assisted ICSI. The underlying working mechanism of this actuator
is to convert a rotational motion of a piezoelectric actuator into a linear motion of a
plunger. The conversion of motion is facilitated by a very fine thread-like mechanism.
This motion conversion results in a higher precision of motion, which is dictated by
the pitch ratio of the thread. While this actuator guarantees a higher precision, it
lacks the impulsive nature of motion that helps in the penetration of the oocyte.
The continuous rotation of the piezo-actuator is translated to a continuous motion
of plunger, which in turn will push the oocyte membrane gradually. This can be
manipulated by rotating the piezo-actuator in an impulse manner, with a smaller
amplitude due to the pitch ratio.
Another device is designed for effecting the fine movement by impact force pro-
duced by a piezoelectric element [75]. An electric field is drastically applied to the
piezoelectric element so that a strain is caused in the element, causing it to elongate.
With the elongation of the piezoelectric element, the force is generated against the
moving member and the inertia member. When the force is enough, the moving
member starts to move in the direction opposite to that of the inertia member. This
activation is repeated to achieve the intended motion. The injector can be attached
to the moving member of the actuator. Since the motion is in the linear direction, the
alignment issue of the injector is eliminated. Furthermore, the impact nature of the
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force can yield an impulsive nature of the motion, which helps in oocyte penetration.
Nevertheless, the mechanism may suffer from the limitation of the travel distance.
This can be rectified by employing a stack piezoelectric elements instead of a single
element.
A microdrive apparatus has been proposed [76] for injecting minute amounts of
a material into an oocyte, as well as removing or inserting a nucleus from or into
an oocyte. In this device a rotating arm assembly supporting a moving member is
connected to an articulated arm having multiple degrees of freedom. The rotating arm
undergoes a rotational motion about the axis of the articulated arm. The rotating arm
assembly comprises two plates, one above the other, assembled together by bolts with
springs. A moving member is accommodated in the central portion between these
plates. The other end of the moving member is connected to a piezoelectric element
and an inertial member. By applying an electric field to the piezoelectric element,
the rotational arm, and hence the moving member, undergoes a motion caused by the
inertial action of the inertial member and the reaction force or frictional force acting
upon the moving member. The pipette will move along with the moving member.
The microdrive apparatus is thus equipped with parts for proper positioning of the
pipette (by the articulated arms), as well as load adjustment (by the bolt and spring).
Moreover, the alignment of the pipette can be accomplished without difficulty.
The proposed devices are therefore designed to overcome the drawbacks of the
existing designs as mentioned.
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3.3 Piezoelectric Actuator for ICSI
In this section, two designs of piezoelectric actuators that are viable to realize the
ICSI application are presented:
• linear-reciprocating actuator,
• partially-rotating actuator.
The ICSI installation is presented in Figure 3.4. The design of the actuator is
implemented as a piezoelectric actuator in Figure 3.4, representing either a linear-
reciprocating or a partially-rotating piezoelectric actuator.
Figure 3.4: ICSI installation
The equipment of the system includes an inverted microscope (by Olympus) with
modulation optics (by Hoffman), a piezoelectric actuator unit (to be designed) at-
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tached to a hydraulic manipulator (by Eppendorf), and a finger-switch that serves as
the operator interface to activate the actuator. The injector is attached to the piezo-
electric actuator. The needle (micropipette) used in the installation is a Borosilicate
glass capillary, 1.0 mm OD × 0.78 mm ID (by Harvard Apparatus), manipulated to
have a tip diameter of 5 µm and 30 ◦ angle of penetration.
3.3.1 Linear-Reciprocating Piezoelectric Actuator
The linear-reciprocating actuator uses a reciprocating motion along the injector axis
to assist cell penetration, which will effectively generate a compression shear pressure
on the oocyte through the tip of the injector repeatedly on the same spot of the zona
pellucida, thus progressively and rapidly drilling a hole through the zona pellucida
without unduly large deformation of the oocyte. When the cumulative effect of this
progressive pressure finally overcomes a limit (unique to the oocyte), the needle is
then able to penetrate the oocyte. Due to reciprocating motion, vibration is expected
to be induced to the oocyte.
The actuator used to accomplish this function is a stack piezoelectric actuator
enhanced with a flexural structure [77]. The actuator is excited with a controlled
signal to generate a linear fast motion of the injector to allow penetration of the
oocyte with minimum damage.
The design of this actuator is based on available off-the-shelf piezoelectric ac-
tuator (by Physik Instrumente) with minimum customization to accommodate its
application in ICSI. Therefore, no rigorous discussion is presented pertaining to the
design.
51
3.3.2 Partially-Rotating Piezoelectric Actuator
The partially-rotating piezoelectric actuator uses a repetitive angular motion to assist
cell penetration, where each motion is a partial rotation. In [78], it has been reported
that compression shear generates a bigger deformation than a vertical shear. There-
fore, a device which delivers a repetitive vertical shear force, like a partially-rotating
piezoelectric actuator, to the oocyte can penetrate the oocyte with smaller deforma-
tion and vibration.
Various designs of (complete) rotational piezoelectric actuator, or piezomotor,
have been proposed in [79]-[82], where bending vibration generated by a sinusoidal
input is applied along the piezoelectric material to create a traveling wave, which is
then transmitted through a friction element to yield a rotation. For ICSI applica-
tion, the device is to be controlled to perform repetitive partial rotation instead of
continuous complete rotation to avoid rotating the oocyte along with the actuator.
The design employs a piezoelectric cylinder from LPZT (lithium-lead-zirconium-
titanate) ceramic with radial polarization, the characteristics of which are presented
in Table 3.1; where  is the relative permittivity constant, tan(δ) is the dielectric
dissipation factor, ρ is the density, c is the elastic stiffness, e is the piezoelectric
constant, and ν is the Poisson’s ratio of the piezoelectric material. The subscript
notations denote the direction of the cylindrical coordinate system, where 1,2,3 refer
to radial (rˆ), tangential (φˆ), and axial (zˆ) direction, respectively. The first subscript
indicates the excitation direction, while the second one indicates the direction of
interest (e.g. c12 represents the piezoelectric constant in the tangential direction
when excited in the radial direction).
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ρ kg/m3 7.78× 103
c11 N/m2 1.14× 1011
c12 N/m2 7.57× 1010
c13 N/m2 7.24× 1010
e11 C/m2 23.4× 100
e12 C/m2 23.4× 100





The construction of the partially-rotating piezoelectric actuator is shown in Figure
3.5. A piezoelectric cylinder (stator) is mounted on a rigid base. The movement at
the free end of the piezoelectric cylinder is transmitted to a friction pad (rotor). A
spring is used to maintain a continuous delicate contact between the stator and the
rotor, ensuring a normal force against the friction pad to generate a friction force. A
stopper and a rod serve as the axle of the rotation.
Figure 3.5: Construction of partially-rotating actuator
The outer surface of the piezoelectric cylinder is divided into several sections (four
in this design). The inner surface is a common electrical contact point. The excitation
is applied radially, across the thickness of the cylinder in a particular section. When
a voltage excitation is applied across a particular section, the piezoelectric cylinder
will deform unevenly. The said deflection occurs in the radial direction (expansion of
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the radius/diameter), axial direction (elongation of length), and tangential direction
(twisting of the cylinder), where the latter is the deflection of interest in a partially-
rotating actuator.
By applying voltage orderly across adjacent sections in a controlled manner (i.e.
V1, V2, V1, V2, and so on), an incomplete rotating wave can be produced at the end
of the piezoelectric cylinder, ready to be transmitted to the friction disc mounted on
top of the cylinder. To reverse the direction of the rotation, a negative voltage is
applied across the sections. By controlling the duration of the positive and negative
voltage applied, the sweeping angle of the motor can be controlled.
The phenomenon of uneven deflection of the piezoelectric cylinder was verified via
a finite element simulation study using ANSYS 7.1. The dimensions of the cylinder
were assigned according to the actual cylinder in the design, i.e. an outer diameter
of 10 mm, an inner diameter of 8 mm, and a height of 25 mm. A step input of 400 V
was used.
The tangential deflection of the piezoelectric cylinder due to the activation voltage
is presented in Figure 3.6. This is the dominant deflection used in the partially-
rotating actuator, in which the deflection of the cylinder tip pushes the rotor to
rotate.
Figure 3.7 shows the axial deflection of the piezoelectric cylinder, i.e. the elonga-
tion of the cylinder due to the activation voltage. The elongation helps to generate
normal force that will enhance the friction force between the stator and the rotor.
The radial deformation of the piezoelectric cylinder is presented in Figure 3.8.
Because of the activation voltage, the radius of the affected section increases, i.e.
deflects outward. This deformation does not help in generating the rotational motion
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Figure 3.6: Tangential deflection (dotted line and solid line represent the cylinder
prior to and after the deflection, respectively)
of the rotor, but is inevitable due to the characteristic of the material.
Finally, the total deflection of the piezoelectric cylinder is presented in Figure 3.9,
showing the combination of the tangential, axial, and radial deflection of the cylinder.
3.4 System Models
The dynamics of the linear-reciprocating and partially-rotating piezoelectric actuator
is discussed first in this section, which are derived from the physical characteristics
of the systems. The dynamics of the injection needle is discussed at the end of this
section, highlighting the high stiffness of the needle compared to the oocyte.
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Figure 3.7: Axial deflection (dotted line and solid line represent the cylinder prior to
and after the deflection, respectively)
3.4.1 Linear-Reciprocating Piezoelectric Actuator
The linear-reciprocating configuration employs a repetitive linear motion of piezo-
electric actuator. The mathematical model for a voltage controllable actuator system
can be described by ([38, 83, 84], Chapter 3 of [85]):
mx¨ = −Kf x˙−Kgx+Ke(u(t)− F ), (3.1)
where u(t) is the time-varying motor terminal voltage, x(t) is the position of the
piezoelectric element, Kf is the damping coefficient produced by the actuator, Kg is
the mechanical stiffness, Ke is the input control coefficient, m is the effective mass,
and F is the system nonlinearity.
The dominant disturbance of the piezoelectric actuator is the hysteretic phenom-
enon [83], the magnitude of which can constitute about 10 - 15 % of the motion range.
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Figure 3.8: Radial deflection (dotted line and solid line represent the cylinder prior
to and after the deflection, respectively)
In [86], hysteresis is described as a friction-like phenomenon with a complex dynamic
friction model [87]. The resulting model shows most of the known friction behavior
like hysteresis, friction lag, varying break-away force, and stick-slip motion, which is
comprehensive enough to capture the dynamic hysteretic effects. In this discussion,
the following model is employed:
F = σ0z + σ1z˙ + σ2x˙, (3.2)
with
z˙ = x˙− |x˙|
h(x˙)
z,




where Fc, Fs, x˙s, σ0, σ1, σ2 are positive constants, which are typically unknown.
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Figure 3.9: Total deflection (dotted line and solid line represent the cylinder prior to
and after the deflection, respectively)
The nonlinear function F can also be written as




= (σ1 + σ2)x˙ + Fd(z, x˙). (3.3)




z is scaled by z due to the dynamical perturbations in hysteresis. Since









∣∣∣∣∣ ≤ k1 + k2|x˙|, (3.4)
where k1 and k2 are constants.
These equations govern the model of the linear-reciprocating actuator, where the
position of the actuator is represented by x(t).
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3.4.2 Partially-Rotating Piezoelectric Actuator
The dynamics of the partially-rotating actuator comprises 2 portions: stator dynamics
and rotor dynamics.
The dynamics of the stator is viewed by considering the piezoelectric segment (the
stator) as a cantilever subjected to a bending load caused by the electric activation.
The relationship between the electric activation and the deflection of the stator can be
obtained from the constitutive equations of piezoelectricity [11] and using the initial
approach outlined in [88] as follows:
T2 = c21s1 + c22s2 + c23s3 − e12V1, (3.5)
where T is stress, c is the elastic stiffness constant, s is the strain, V is electric
displacement, and subscripts 1, 2, 3 refer to radial (rˆ), tangential (φˆ), and axial (zˆ)
orientation, respectively. Only the tangential load is considered, while the radial and
axial load of the piezoelectric cylinder are neglected; since only the tangential load is
intended to provide the usable motion. Furthermore, the deflections along direction
1 and 3 do not contribute to the partial rotation of the actuator, so that (3.5) can be
simplified to:
T2 = c22s2 − e12V1, (3.6)
where the value of c22 is the same as c11 in Table 3.1 [11]. The electric field to be





since the voltage is applied across its thickness; where U is the applied voltage, and
ro and ri are the outer and inner radii of the piezoelectric cylinder, respectively.
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Along with the approach in [89], an infinitesimal segment of a piezoelectric cylinder
is now considered as presented in Figure 3.10, having a length of L, thickness of
t = ro − ri, and width of dw = ridφ. One end of the piezoelectric cylinder is fixed
to the base and the other end is free. The free end of this element has no tension so





Figure 3.10: Deflection of a piezoelectric element
In this approach, the strain in (3.8) is the same for the infinitesimal segment as well
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as the overall section of the piezoelectric cylinder. This strain is related to the flexural
deflection due to the electrical activation. The flexural deflection causes the segment
to bend down and produces a distribution of normal force. Since this deflection plays
an important role in the working principle of the actuator, it is not neglected in the
ensuing analysis. Assuming s2dw << L, the trajectory of the displacement can be
considered to be along a section of a circle, so that the infinitesimal deflection, dy,
can be expressed as:
dy = L−
√
L2 − (s2dw)2, (3.9)
which is consistent with the analysis presented in [79]. Linearizing using a second





The friction force between the free end of the piezoelectric cylinder and the friction
pad can now be determined, noting that the said deflection also occurs at the friction
pad. First, the normal force against the friction pad is considered. This normal
force has a proportional relationship with the said deflection, which is established
by the stress-strain equation involving the modulus of elasticity of the friction pad
(rotor), Er. Second, another proportional relationship between the normal force and
the friction force is considered, which is characterized by the friction coefficient, µ. A
proportional relationship between the flexural deflection and friction force can then





s22(ro − ri)(dw)2ridφ, (3.11)
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where f is the friction force. The total friction force is obtained by integrating (3.11)
for φ from 0 to 12pi and substitution of (3.8), resulting in:










presenting f as a function of the applied voltage U . Finally, the mechanical efficiency
η is included into the equation as follows:










Equation (3.13) is now ready to be used in the subsequent analysis of motion, which
is based on the general equation of motion.
As explained earlier, as part of the working principles of the actuator, the friction
force initiates the partial rotation of the rotor in an impulse-like manner, i.e. it
acts as an impulse to twist the rotor in a certain rotational direction. Due to this
impulse, the stator produces an initial angular velocity ω0 over a short period of time,
immediately after the excitation. As the motor rotates, the friction force will now
impede the rotation of the rotor, forcing the rotor to slow down with a deceleration of
α. Both the initial angular velocity ω0 and the deceleration α can be determined from
the friction force f . Finally, the equation of motion of the rotor can be formulated
as a function of time t and mechanical time delay τ as follows:




In the general equation of rotation used in the modeling of the actuator, the
moment of inertia of the rotor and the needle holder are combined, i.e. the stator
is seen as the generator of the motion, while the rotor and the needle holder are
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collectively seen as the load. This approach is chosen to simplify the model, while at
the same time considering the load of the actuator.
Figure 3.11 presents the comparison between the simulated model and experimen-
tal data, showing a satisfactory result.
Figure 3.11: Comparison of the model and the experimental result
The physical model obtained from the above derivation is used in the intermediate
design stages prior to final design when there is a need to verify the performance of
each intermediate design through simulation; allowing for rapid prototyping.
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3.4.3 Dynamics of the Injection Needle
As has been mentioned in Section 3.3, the injection needle is attached to the moving
component of the piezoelectric actuator. The motion generated by the piezoelectric
actuator drives the injection needle and causes it to move accordingly. As an indi-
vidual part, the injection needle possesses a dynamics of its own, which is discussed
next.
In this application, the force of interest is in the axial direction since the injection
needle pushes the oocyte axially. The loading diagram of the injection needle is
presented in Figure 3.12, where fn represents the axial force of the injection needle
(which is the same as the force applied to the oocyte), and ln and An represent the
length and the cross section area, respectively, of the needle.
Figure 3.12: Loading diagram of the injection needle
From the principle of mechanics of materials, assuming that the needle deforms





The typical injection force in ICSI is of the order of a few mN [90], while the rest of the
parameters of (3.15) are An = 3.06× 10−11 m2, ln = 10−3 m, and En = 6.4× 1010 Pa,
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according to the equipment used in the experiment. The deformation of the needle
is hence of the order of a few µm, which is about 70 to 80 times smaller than the
diameter of an oocyte.
The small deformation of the needle signifies a high stiffness of the needle. Fur-
thermore, since the deformation of the needle is much smaller than the possible de-
formation of the oocyte, the needle is assumed to be stiff enough to follow the motion
of the actuator and to transfer the respective motion to the oocyte.
3.5 Controller Design
To overcome the nonlinearity of the piezoelectric material, both the linear-reciprocating
and the partially-rotating piezoelectric actuators are controlled using an adaptive con-
troller. In this section, an adaptive controller design is presented based on the general
model in (3.1), which is applicable to both linear and angular motions. A linear mo-
tion notation is used in the ensuing discussion. The application of the controller
design to angular motion can be done by simply transforming the respective linear
variables into angular variables; e.g. x to θ. The controller is robust against the
modeling uncertainty.
Consider the system in (3.1). The tracking control problem is stated as fol-
lows: find a control mechanism for every bounded smooth output reference xd(t)
with bounded time derivatives so that the controlled output x(t) converges to the
reference xd(t) as closely as possible.
Assumption 1 The desired trajectories xd, x˙d, x¨d are continuous and available, and
are bounded.
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Define the position tracking error e(t) and the corresponding feedback signal v(t)
as follows:




e(τ)dτ +Kpe+ e˙, (3.17)
where KI , Kp > 0 are chosen such that the polynomial v2 + Kpv + KI is Hurwitz.












(KIe +Kpe˙+ x¨d) +
(Kf
Ke




− u+ Fd(z, x˙). (3.18)
By using a straightforward exact model knowledge, one defines a control input as:
u = Kvv + am(KIe+Kpe˙+ x¨d) + akσx˙+ agex + Fd, (3.19)
where Kv > 0 is a constant, am = mKe , akσ =
Kf
Ke +σ1+σ2, and age =
Kg
Ke . Substituting
the control input given by (3.19) into the open-loop expression of (3.1), the closed-
loop filtered tracking error system is obtained, i.e. mKe v˙ = −Kvv. Since Kv > 0, the
resulting system is asymptotically stable. Unfortunately, the hysteresis is unknown
a priori in practice. In addition, it is also difficult to obtain the precise values of m,





Ke and Fd with the estimates aˆm, aˆkσ, aˆge and kˆ1sgn(v)+
kˆ2|x˙|sgn(r), respectively, is designed as follows:
u = Kvv + aˆm(KIe+Kpe˙+ x¨d) + aˆkσx˙
+ aˆgex+ kˆ1sgn(v) + kˆ2|x˙|sgn(v). (3.20)
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Substituting the control (3.20) into (3.18), one has:
m
Ke
v˙ = −Kvr + a˜m(KIe+Kpe˙+ x¨d) + a˜kσx˙
+a˜gex− kˆ1sgn(v)− kˆ2|x˙|sgn(v) + Fd, (3.21)
where a˜m = mKe − aˆm, a˜kσ =
Kf
Ke +σ1+σ2− aˆkσ, and a˜ge =
Kg
Ke − aˆge. Taking a positive
definite function:





































= −Kvv2 + [a˜m(KIe+Kpe˙+ x¨d) + a˜kσx˙ + a˜gex]v

















By using the inequality (3.4), it is shown that:
V˙ ≤ −Kvv2 + [a˜m(KIe+Kpe˙+ x¨d) + a˜kσx˙+ a˜gex]v

















= −Kvv2 + [a˜m(KIe+Kpe˙+ x¨d) + a˜kσx˙+ a˜gex]v

















Choosing the update laws:
˙ˆam = γ1[(KIe+Kpe˙+ x¨d)v − γ11aˆm], (3.25)
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˙ˆakσ = γ2[x˙v − γ21aˆkσ], (3.26)
˙ˆage = γ3[xv − γ31aˆge], (3.27)
˙ˆk1 = γ4[|v| − γ41kˆ1], (3.28)
˙ˆk2 = γ5[|x˙||v| − γ51kˆ2], (3.29)
where γ1, γ11, γ2, γ21, γ3, γ31, γ4, γ41, γ5, γ51 > 0, it follows that:
V˙ ≤ −Kvv2 + γ11a˜maˆm + γ21a˜kσaˆkσ + γ31a˜geaˆge
+ γ41k˜1kˆ1 + γ51k˜2kˆ2. (3.30)
By replacing the estimate variables, it follows that:
a˜maˆm = a˜m(am − a˜m) = − a˜2m + a˜mam, (3.31)
a˜kσaˆkσ = −a˜2kσ + a˜kσakσ, (3.32)
a˜geaˆge = −a˜2ge + a˜geage, (3.33)
k˜1kˆ1 = −k˜21 + k˜1k1, (3.34)
k˜2kˆ2 = −k˜22 + k˜2k2. (3.35)
Substituting the above equations into (3.30) yields:














































































































































































is satisfied. Thus, V˙ is negative outside the compact set:
Mδ =
{
(v, a˜m, a˜kσ, a˜ge, k˜1, k˜2)|
||[v, a˜m, a˜kσ, a˜ge, k˜1, k˜2]|| ≤ δ
}
, (3.43)
where δ = max(Bv, Bam, Bakσ, Bage, Bk1, Bk2). Thus, v, a˜m, a˜kσ, a˜ge, k˜1, k˜2 are uni-
formly ultimately bounded. The value of |v| can be made small by increasing Kv.
The following theorem can then be established.
Theorem 1 (Asymptotic convergence of robust adaptive controller) Consider the
plant (3.1) and the control objective of tracking the desired trajectories, xd ,x˙d, and
x¨d. The control law given by (3.20) with (3.25)-(3.29) ensures that the system states
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and parameters are uniformly bounded.
Remark 1 There is a sliding mode used in the controller. It is well known that
a large gain will induce chattering in the presence of fast dynamics. To solve this
problem, one can use very small adaptation gains. Furthermore, a σ−modification
term is introduced into the adaptive law to prevent the parameters aˆm, aˆkσ, aˆge, kˆ1, kˆ2
from increasing indefinitely.
3.6 Results
In this section, the results of implementing the abovementioned designs to penetrate
the oocyte is presented. This section, however, only focuses on the engineering point
of view, i.e. on how well the piezoelectric actuators penetrate the oocyte without
inflicting damage. Indeed, the experiment was first conducted without injecting the
sperm into the oocyte. Following successful penetration without sperm, full ICSI
experiment with sperm ejection was then performed.
In this experiment, the linear-reciprocating actuator was implemented using a
dSPACE data acquisition card, while the partially-rotating actuator was implemented
using a National Instruments (NI) data acquisition card; both using a voltage ampli-
fier.
3.6.1 Linear-Reciprocating Piezoelectric Actuator
The actuator used in this design is a Piezo Flexure NanoPositioner manufactured by
Physik Instrumente (PI), which has a travel length of 80 µm and is equipped with a
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linear variable displacement transformer (LVDT) sensor with an effective resolution
of 5 nm. The dSPACE control development and rapid prototyping platform is used
with MATLAB/Simulink. The position and switch signals are feedback to the control
system by the analog input and digital input of the dSPACE card, respectively. The
trajectory mode is forwarded to the adaptive controller as a reference signal, and
then the controller output is sent to the piezoelectric actuator. The control system is
implemented by running Real-Time Windows of MATLAB.
To implement the proposed control system, the model of the actuator has to
be obtained beforehand, which requires collection of the experimental data from the
actuator for system identification. A chirp signal was used to facilitate data collection
as the frequencies put through the system can be directly specified while using a
limited amount of data. The sample rate was chosen as 2000 Hz and the frequency of
the chirp signal was selected from 0 to 200 Hz. The input (control voltage) - output
(displacement) signals were used, where the frequency was changed from 0.01 Hz to
200 Hz. The dominant linear model was obtained to be:
x¨ = −1081.6x˙− 5.9785× 105x+ 4.2931× 106u. (3.44)
This model gives the general characteristic of the linear-reciprocating piezoelectric
actuator, excluding uncertainty, such as hysteresis.
The adaptive controller (3.20) was designed and applied to the linear-reciprocating
actuator. The parameters of the controller were selected as:
Kv = 0.00001, KI = 400000, Kp = 100. (3.45)
The initial values for aˆm, aˆkσ, and aˆge can be chosen based on the identified model
(3.44); aˆm(0) = 2.3293 × 10−7, aˆkσ(0) = 2.5194 × 10−4, and aˆge(0) = 0.1184. The
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Table 3.2: Tracking error of PID-only controller and proposed adaptive controller
Control scheme Tracking error (µm) at
6 rad/sec 20 rad/sec 30 rad/sec
PID-only 0.5098 1.4174 1.7439
Adaptive control 0.1500 0.3836 0.4604
Improvement (%) 70.58 72.94 73.60
initial values for kˆ1 and kˆ2 were chosen as 10−7 and 10−8, respectively. Since the
mechanical structure and other components in the system have inherent unmodeled
high-frequency dynamics that should not be excited, small adaptation factors were
used; γ1 = γ2 = γ3 = 10−22, γ4 = γ5 = 10−20, and γ11 = γ21 = γ31 = γ41 = γ51 =
0.0001.
The reference signal for tracking was the sinusoidal trajectory of A sin(ωt), where
A = 3 µm, ω = 6 rad/sec. The actual response for the controller is shown in Figure
3.13, where the tracking error is about ± 0.2 µm. For comparison, Figure 3.14 is
presented to show the performance of the PID-only control system, where the track-
ing error is about ± 0.8 µm. Table 3.2 presents the summary of the performance
of the PID-only controller and the proposed adaptive controller at several frequen-
cies (within the range of working frequency), showing that the proposed adaptive
controller scheme is consistently better than that of the PID-only controller.
As presented in Figure 3.14, the performance of the PID-only control system is not
very satisfactory despite the rigorous effort to achieve good settings. The parameters
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Figure 3.13: Sine wave responses with the adaptive control scheme
Figure 3.14: Sine wave responses with PID control scheme
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of the PID control are obtained using linear quadratic regulator (LQR) method to
arrive at optimum settings [91][92], and then are fine-tuned to further enhance the
performance of the actuator. However, it was observed that acceptable settings in
certain sections of the trajectory are not as acceptable in other sections; which can
be attributed to the highly nonlinear nature of the actuator. This is the main reason
of applying an adaptive controller to drive the actuators.
3.6.2 Partially-Rotating Piezoelectric Actuator
The actuator used in this design is according to the design presented in Section 3.3
and was manufactured in the university’s workshop facility. The actuator is equipped
with a strain gauge with 20 nm resolution to measure the motion of the actuator;
firstly in terms of linear displacement, and then converted into angular displacement.
An NI data acquisition software and card are used to give the driving signal and to
measure the angular displacement of the actuator.
The measurement of the angular motion using a strain gauge is as follows. The
strain gauge is installed according to Figure 3.15, where one end is attached to the
static section and the other end is attached to the deflecting (actuated) section.
When the deflecting section is actuated, the strain gauge measures the circumferential
strain, which can be readily translated to the angular displacement of the cylinder,
and subsequently to the angular displacement of the rotor.
Square wave signal was employed to generate the repetitive deflection of the cylin-
der. The choice of a square wave signal is consistent with the intended operation of
the actuator, wherein a large friction force is preferable to generate motion. The sud-
den rising edge of each cycle of the square wave is expected to yield a larger friction
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Figure 3.15: Installation of strain gauge on the piezoelectric cylinder
force to drive the friction pad and the rotor.
The implementation of the proposed adaptive control system to the partially-
rotating actuator was carried out with the same procedure as that of linear-reciprocating
actuator. Higher adaptation factors than that of linear-reciprocating actuator were
used; γ1 = γ2 = γ3 = 10−20, γ4 = γ5 = 10−18, and γ11 = γ21 = γ31 = γ41 = γ51 =
0.001. Nevertheless, the adaptation factors were still chosen small enough for the
reason as mentioned above.
Figure 3.16 shows the performance of the partially-rotating actuator with the
proposed adaptive controller. The tracking error is about ± 0.25 µm at every instance
of step change, with nearly 0 µm elsewhere. For comparison, Figure 3.17 shows the
performance of the PID-only control system, where the tracking error is about ± 0.4
µm throughout the time. This again highlights the suitability of the proposed control
design to achieve micrometer level accuracy in the piezoelectric actuator.
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Figure 3.16: Square wave responses with the adaptive control scheme
Figure 3.17: Square wave responses with PID control scheme
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The partially-rotating actuator is able to perform repeated partial rotation up
to 1500 Hz. Excessive vibration was observed for frequencies above 1500 Hz due to
the dynamics of the assembled structure. The subsequent experiments with the ICSI
installation were then limited to this bandwidth.
3.6.3 Comparison between Linear-Reciprocating and Partially-
Rotating Piezoelectric Actuator
In the experiment, a penetration to the zona pellucida and oolema was observed
using both proposed actuators. The results were then compared, especially in terms
of vibration induced to the oocyte. The analysis was conducted using an image
processing analysis with Image Processing toolbox under MATLAB environment.
The image acquisition device in the experiment was a JVC color video camera with
a 1/3 inch interline 3-CCD. The speed of the camera can reach up to 2000 Hz.
The image was analyzed using an edge recognition technique. The image was first
filtered to remove the noise from the environment. The image processing analysis
detected the intensity of the image, thereby differentiating three objects: the oocyte
holder, the oocyte, and the needle. From the intensity detection, a threshold was
determined to contrast the image, distinguishing the boundary of the oocyte. The
area inside the boundary was then defined as the oocyte. The vibration of the oocyte
(corresponding to the position of the oocyte in the image) and the deformation of
the oocyte (corresponding to the width of the oocyte in the image) could then be
extracted and analyzed.
Figure 3.18 and Table 3.3 compare the oocyte vibration induced by the linear-
reciprocating actuator and the partially-rotating actuator. In Table 3.3, root-mean
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square (RMS) amplitude is used as the measure of the vibration amplitude of the
oocyte from the image processing analysis. RMS is used here since the oocyte also
move down (negatively) during vibration, whereas the sign here is meaningless. For
both systems (linear-reciprocating and partially-rotating actuators), the vibration
of the oocyte inevitably occured. However, in the partially-rotating actuator, the
level of vibration was lower, which is an advantage of the partially-rotating actuator.
This phenomenon can be attributed to the fact that compression shear force (as in
the linear-reciprocating actuator) generates more deformation to the object than a
vertical shear force (as in the partially-rotating actuator), as has been explained in
Section 3.3.
Figure 3.18: Vibration of the oocyte
Several frequencies were tested during the experiment, ranging from 100 Hz to
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Table 3.3: Vibration of the oocyte
Installation RMS Amplitude (µm)
Linear-reciprocating actuator 1.1943
Partially-rotating actuator 0.5154
1500 Hz. During the penetration process, the oocyte deformed to resist the puncture
of the injector until it reached the maximum limit it could withstand the stress. The
deformation profile of the oocyte (Figure 3.19) increased in the first half, reached
maximum deformation when the puncture took place, and decreased during stress
release.
Figure 3.19: Oocyte deformation
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3.6.4 ICSI Experiments and Cell Development
Following the successful penetration as described above, complete ICSI procedure
with sperm was subsequently used. For a fair comparison, the same operator was
involved in all operations.
The key steps taken were as follows. Oocytes were first manipulated in individual
drops at a temperature of 37 ◦C. The oocyte was held in place by the oocyte holding-
pipette. The injection pipette was first used to capture a sperm and a fast movement
was applied to immobilize the sperm (Figure 3.20A). Then, the injection pipette was
positioned at the oocyte’s edge (zona pellucida) at 3 o’clock position (Figure 3.20B).
The piezoelectric actuator was then activated via a switch to penetrate the zona
pellucida and was deactivated when the zona pellucida had been pricked. After the
tip of the injection pipette had reached the oolemma, the actuator was activated again
to penetrate the oolemma. Figure 3.20C shows minimal deformation of the oocyte
when the oolemma was being penetrated. After the oolemma had been punctured, the
actuator was switched off and the injection pipette was inserted into the cytoplasm
(Figure 3.20D). The sperm was then expelled into the cytoplasm (Figure 3.20E)
and, finally, the pipette was withdrawn manually (Figure 3.20F). The oocytes were
examined between 3 and 5 hours after injection. Table 3.4 shows the results, where
the average survival rates achieved with piezo-assisted approach was 77.75 %; higher
than with manual approach, which was 57.58 %.
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Table 3.4: Results of ICSI experiment
Method Injected oocytes Survival (%)
Manual 26 58
Piezo-assisted 25 76
Figure 3.20: Step-by-step procedure of piezo-assisted ICSI ((A) The sperm (arrow)
was captured by the injection pipette. (B) The injection pipette penetrated zona
pellucida. (C) The injection pipette penetrated oolemma. (D) The injection pipette
was inside the cytoplasm. (E) The sperm (arrow) was expelled to the cytoplasm. (F)
The injection pipette was withdrawn slowly from the oocyte.)
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3.7 Future Application with Iterative Learning Con-
trol
As has been explained above in this chapter, the application of ICSI calls for repet-
itive trajectory, which reflects the repetitive motion of the piezoelectric actuator in
executing penetration of the oocyte. As has been mentioned in Chapter 2, iterative
learning control (ILC) can be used to control motion with repetitive trajectory. Its
application is therefore investigated and presented here.
In this section, a control system employing ILC is discussed to present a com-
parison with the adaptive control as has been implemented in the abovementioned
application. ILC in this section is also implemented in an ESA system. Both control
schemes are suitable for nonlinear system – such as piezoelectric actuators – and are
suitable for the type of application discussed in this chapter; yet there are certain
qualities that distinguish them from one another.
ILC is a model-free approach that is aimed to improve the transient response
performance of a system that operates repetitively over a fixed time interval amid
system uncertainty. ILC differs from optimal control and adaptive control in that
it is the commanded reference input, rather than the control input, which is varied
at the end of each repetition of the system. As many industrial processes are essen-
tially repetitive processes, ILC has become a viable control algorithm option in many
applications.
The main differences between adaptive control and ILC are summarized in Table
3.5.
The application area of the proposed ILC method presented here is on a linear
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Table 3.5: Comparison between Adaptive Control and Iterative Learning Control
Specifications Iterative Learning Control Adaptive Control
Reference Must be repetitive Arbitrary
Modification made to Reference Control signal
piezoelectric motor, which is not the same ICSI application as mainly discussed in
much of this chapter. Nevertheless, the comparison between ILC method and adaptive
method used in ICSI application is valid because of the similarity of the principle of
these two applications. First, both actuators are of indirect type of actuation. The
indirect actuation employs friction force as the main transmitting force between the
motion enabler, i.e. piezoelectric ceramics, and the moving components. Second,
which is as far as this chapter is concerned, both actuators use external sensors, i.e.
implementing ESA.
To arrive at a comprehensive discussion, this section is organized as follows. First,
the model of the piezoelectric motor is described and, subsequently, the friction, force
ripple, and hysteresis model is introduced, which will be used in the simulation study.
Second, the proposed control scheme is discussed in details. Third, an approximate
analysis is presented to show the convergence of the proposed approach. Finally,
simulation and experimental results are respectively presented to demonstrate the
effectiveness of the proposed approach.
3.7.1 Modeling of the Actuator
Piezoelectric actuators are electro-mechanical energy transducers which transforms
electrical energy into motion using the inverse piezoelectric effect. It converts the
limited travel range of a piezoelectric element (whose typical maximum value is in
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micrometer range) into an unlimited rotary or translatory motion through conversion
mechanism. This mechanism usually employs intermittent frictional coupling. Based
on how the motion of the piezoelectric element is transformed to the rotor, piezo-
electric motor can be classified into quasistatic and ultrasonic motors. The following
discussion focuses only on ultrasonic motors, which is the type of piezoelectric motor
used in this experiment.
An ultrasonic piezoelectric motor converts electrical energy by inverse piezoelectric
effect to obtain oscillation of the piezoelectric actuator at one of its resonant frequen-
cies in the ultrasonic range (20 kHZ to 10 MHz), which is to be used in conjunction
with a smooth frictional contact to obtain unlimited motion of the moving part. This
oscillation results from excitation of different vibration modes in the actuator shape.
The desired modes determine the shape and proportion of the actuators.
The design of ultrasonic piezoelectric motors depend on the oscillation mode of the
piezoelectric element and the frictional components. Different modes of the oscillators,
along with the combination of different vibration modes and the design of frictional
contact lead to a number of different designs of piezoelectric motors. The model,
however, can be taken as a lump model of actuators for both the rotational and
translational/linear motor.
The linear motor can be described via a nonlinear kinetic system as follows:
u(t) = Keχ˙+Ri(t) + L
di(t)
dt , (3.46)
f(t) = Kf i(t), (3.47)
f(t) = Mχ¨(t) + fripple + ffriction, (3.48)
where u(t) and i(t) are the time-varying motor terminal voltage and the armature
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Table 3.6: Linear Motor Parameters
Motor Units LD 3810
Force constant (Kf) N/A 130
Resistance (R) Ω 16.8
Back emf (Ke) V/m/s 123
Length of travel mm 2054
Moving mass (M) kg 5.4
Armature inductance(L) mH 17.4
Electrical time constant ms 1.03
Peak force (Fp) N 1300
Peak velocity m/s 2.6
Peak acceleration m/s2 140
Continuous current A 2.5
Continuous force N 326
current, respectively; χ(t) is the motor position; f(t) represents the developed force;
fripple denotes the ripple force. The parameters of the motor are presented in Table
3.6 with the values used for the simulation study.
Since the electrical time constant is much smaller than the mechanical time con-
stant, the delay due to the electrical response can be ignored. The following equation
can then be obtained:




R u(t)− fripple − ffriction). (3.49)
Let:





The equation of motion of the piezoelectric motor can then be formulated as follows:
χ¨ = −aχ˙ + bu(t)− 1M (fripple + ffriction). (3.52)
In this simulation study, the force ripple and the friction force are represented
according to the description in Chapter 2, which is repeated here for the benefit of
the reader:






F (χ˙) if χ˙ 6= 0




F (χ˙) = (Fc + (Fs − Fc)e−|χ˙/χ˙s|
δs + Fvχ˙)sgn(χ˙), (3.55)
with the same notation as used in Chapter 2.
Since hysteresis does not represent force, it is not included in the combined equa-
tion of (3.53) and (3.54). Indeed, hysteresis in this actuator affects the displacement,
rather, directly. It is treated separately as a drift of position according to Preisach





[X(α′k, β ′k−1)−X(α′k, β ′k)] +X[u(t), β ′k] (3.56)




[X(α′k, β ′k−1)−X(α′k, β ′k)] +
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for descending function, with:
X(α′, β ′) = χα′ − χα′β′, (3.58)
with the same notation as used in Chapter 2.
3.7.2 Compensation with a Regulated Chatter
The ILC scheme proposed in this work is a hybrid built on the framework of con-
ventional PID feedback for friction, force ripple, and hysteresis compensation. The
PID control system serves the primary purpose of trajectory tracking; delivering the
dominant control signal to the actuator. The PID control signal is basically designed
to ensure nominal stability of the system. A regulated chatter signal, devised based
on ILC approach, is augmented to the PID control signal for the primary purpose of
compensation of these motion impeding phenomena.
The key idea behind the regulated chatter compensation scheme is to augment
the feedback control signal in a low hassle manner by increasing or decreasing the
control signal energy. The amount and direction of augmentation are determined
based on the previous sequence of trajectory; as is necessitated in ILC scheme. The
augmentation signal is a regulated chatter signal, in the form of a pulse sequence
with a fixed amplitude and a varying pulse width; known as pulse-width-modulation
(PWM) signal. The varying pulse width is regulated via ILC to provide the necessary
compensation energy.
As a matter of fact, both the amplitude and pulse width of the chatter can be
varied to yield the right amount of energy to overcome motion impeding forces. Varia-
tion of signal width, however, instead of less practical and flexible amplitude/voltage,
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is chosen in the proposed scheme since the amplitude of the signal is capped by maxi-
mum available supply. It is also energy-efficient and more likely to prevent saturation
in the control signal.
Figure 3.21 shows the configuration of the proposed scheme according to the
abovementioned description; showing the proposed control scheme comprising of a
PID feedback control component uc and a regulated chatter uk component. Based on
the abovementioned idea, the overall control signal can be expressed as follows:
u(t) = uc(t) + uk(t). (3.59)
Figure 3.21: Block diagram of the proposed control scheme
Figure 3.22 illustrates the characteristics of the overall control signal and its con-
stituents. In particular, the chatter signal uk is shown as a pulse sequence with
amplitude a, pulse width h, and time interval T between consecutive pulses. The
product ah represents the total energy added to the PID control signal for the pur-
pose of compensating undesirable motion impeding forces present.
In the proposed method, the amplitude a of the chatter signal will be fixed at
certain discrete values and the energy is adjusted via the width h, using ILC. Based







asgn(ri(k)), t ∈ [kT, kT+ | ri(k) | T/a], k = 0, 1, 2, ...
0 otherwise
(3.60)
where the subscript i denotes the iteration index and ri(k) is related to the energy
which should be generated by the pulse originating at the kth time instant, which is




To prevent the proposed control scheme from instability, a saturation function is





ri(k) + γei(k + 1), | ri(k) + γei(k + 1) | /a < 1
asgn(ri(k) + γei(k + 1)) otherwise,
(3.62)
where ei(k + 1) is the tracking error, i.e. ei = χd − χi.
The time interval T between the pulses should be larger than the sampling interval
Ts. Considerations for the choice of the pulse frequency are similar to the choice
of the carrier frequency in PWM control. In PWM control, the carrier frequency is
typically chosen sufficiently high so that the parasitic harmonics occur at much higher
frequencies and therefore be filtered out naturally by the system and only a desired
bandwidth of frequencies is kept within the loop. In the proposed design, T is chosen
to be small, but constrained to be larger than the sampling period Ts, to place the
additional frequency introduced beyond the bandwidth of the system. An empirical
rule of thumb is proposed as T = 5Ts. In the simulation study to be presented, the
sampling period Ts of the feedback controller is fixed at 0.0004 s. Thus, T is chosen
as 0.002 s.
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In order to keep the design simple and attractive for practical applications, the
idea is to vary the additional energy content via T only, thus keeping a fixed at an
appropriate level. This consideration is motivated by ease of finding a power supply
with a fixed, rather than a variable, voltage output. One possibility is to fix a at a
fraction of the breakaway signal VBA to overcome the stiction which can be determined
from simple experiments. The value for the amplitude amay approximately be chosen
as a = 0.8VBA. In the simulation study to be presented, the breakaway voltage is 0.4
V so that the discrete level of a can be chosen as 0.3.
Since ILC is used to update the duty ratio of the chatter signal, in order to ensure
that ILC works well, the learning rate γ should be chosen properly. The learning rate
is chosen based on encompassing both the speed and stability requirements. In the
simulation study, γ is chosen to be 0.003.
Another practical problem arising from the proposed design for the pulse width
T is the possible occurrence of a pulse width ri(k)T which is not an integer multiple
of the sampling period Ts. Clearly, it is not possible to generate such an odd width
from a computer-controlled system. The problem may be resolved by modifying the
amplitude of the appropriate part of the signal such that the width can be increased
to the next multiple of Ts and the same signal energy is retained. To this end, the
amplitude is instead modified to be:
a˜ = reTs
, (3.63)
where re is the remnant energy. This adjustment of amplitude retains the energy of
the signal, while in the same time does not exceed the maximum value of voltage
applied to the motor.
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In addition, following (3.62), a saturation of control signal is applied such that
when:
ri(k)
a > 1, (3.64)




The tracking error of the actuator can also be further reduced by modifying the
amplitude a according to a˜ = 1.25× a, when ri(k)T/a > 4Ts.
3.7.3 Approximate Error Convergence Analysis
Due to the inherent chatter generation associated with the proposed scheme, the
closed-loop system is a discontinuous dynamic system. To understand the error con-
vergence property under iterative learning, an average smooth model is first derived.
Based on this approximate model, existing results under ILC can then be used to
derive the error convergence properties.
The dominant model of the piezoelectric actuator can be rewritten in the state
space form as follows:
x˙(t) = Ax(t) +Buc(t) +Buk(t),
y(t) = Cx(t), (3.66)
with












asgn(r(e(kT ))), t ∈ [kT, kT+ | r(e(kT )) | T/a], k = 0, 1, 2, ...
0 otherwise
(3.68)
where 0 ≤| r(e(kT )) | /a ≤ 1, and r(e(kT )) is now determined by the error signal
(compared to (3.60)).
The gain of the PID controller is chosen such that the system is stable and the
error converges to zero. To yield optimum design, the gain of the PID controller is
chosen using the linear quadratic regulator (LQR) method, which is not discussed in
detail in this thesis.
By assuming that the PID gain is chosen appropriately to yield stability and
optimum performance, its error is assumed to be converging to zero. The error
convergence can then be analysed only with respect to the ILC scheme, instead of
including the entire control scheme for simplicity of analysis. In the following analysis,
therefore, the attention is on whether the regulated chatter also makes the error of
the actuator converge to zero. Combined with the error convergence of the PID
controller, the error of the entire system can then be determined.
In the following model, the PID control term is incorporated into the dynamic of
the plant.







x1 x2 · · · xN e
]T
(3.69)
The model of the linear motor as expressed in (3.66) transforms into:
˙¯x(t) = A¯x¯(t) + B¯uk(t),
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y(t) = C¯x¯(t). (3.70)
At time t = kT + T :















When the duty cycle frequency tends to infinity (the duty cycle duration T approaches
zero), the following ideal average model can be obtained [93]:
lim
T→0









B¯asgn(r(e(kT )))dτ ]/T, (3.72)
i.e.:
˙¯x(t) = A¯x¯(t) + B¯asgn(r(e(t))) | r(e(t)) | /a, (3.73)
which simplifies to:
˙¯x(t) = A¯x¯(t) + B¯r(t). (3.74)
Thus, the approximate model is represented by:
˙¯x(t) = A¯x¯(t) + B¯r(t),
y(t) = C¯x¯(t). (3.75)
Note that y(t) does not change because of the structure of C¯.
With this approximate model (3.75), the discontinuity phenomenon associated
with PWM control will be decoupled for the ILC analysis.
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For analysis under ILC, the model should be written in the following discrete-time
form:
x¯(k + 1) = Φ¯x¯(k) + Γ¯r(k)
y(k) = C¯x¯(k), (3.76)
where Φ¯ is the discrete-time form of A¯ and Γ¯ is the discrete-time form of B¯.





ri(k) + γei(k + 1), | ri(k) + γei(k + 1) | /a < 1
sgn(ri(k) + γei(k + 1)) otherwise
(3.77)
where ei = yd − yi, with yd is the reference trajectory. Following [94], the following
error transition function can be obtained:
ei+1 = (IN − γL)ei, (3.78)




C¯Γ¯ 0 0 ... 0
C¯Φ¯Γ¯ C¯Γ¯ 0 · · · 0
... ... ... ... ...




Thus, following existing results [94], if ‖ IN − γL ‖2< 1, ei will be convergent.
From the above result, it can be concluded that the choice of the learning gain γ
governs the convergence rate. The learning gain γ is then chosen such that it follows
the abovementioned condition.
3.7.4 Simulation Study
A simulation study is conducted to verify the effectiveness of the proposed compen-
sation scheme. In this simulation, the performance of the system with the proposed
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control scheme was compared to the performance of the system controlled with PID.
The PID gains/parameters were chosen based on LQR method with necessary trial
and error to achieve a compromise between fast control and stable control.
In the simulation study, a sinusoidal desired trajectory is used with an amplitude
of 1 × 105 µm and a frequency of 0.125 Hz, with a soft start-up implemented to reduce
the initial shock incurred to a system in an initial rest state by gradually evolving the
desired trajectory to the full sinusoid over one transient cycle. Figure 3.23 illustrates
the desired trajectory with the smooth start-up. Therefore, in the simulation study,
the iterative learning will only begin from the second cycle.
As has been mentioned, the proposed control scheme is compared to a PID-only
control scheme. Figure 3.24 shows the tracking performance of PID-only control
scheme with the modified trajectory.
The performance of the proposed control scheme is presented next. Figure 3.25
shows the tracking error after 25 cycles. The maximum tracking error is reduced
from 13.49 µm to less than 6.5 µm. The RMS error is reduced from 6.32 µm to
less than 2.5 µm as shown in Figure 3.26. In order to highlight the performance
of the proposed scheme, Figure 3.27 shows the control signal and the tracking error
during the 25th cycle. Compared to Figure 3.24, the discontinuities phenomenon at
the motion changeover point have been improved and the tracking error has been
reduced iteratively to a significantly lower level.
3.7.5 Experimental Results
The experimental study is implemented on a single axis stage manufactured by Stein-
meyer. An SP-8 piezoelectric motor, manufactured by Nanomotion, is used to drive
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Table 3.7: Specifications of piezoelectric linear motor
Travel Velocity (max) Resolution Output force(max)
200 mm 250 mm/s 0.1 µm 40 N
the stage. Table 3.7 shows the specifications of the stage and the motor. The exper-
imental studies were conducted on a dSPACE DS1102 control board. MATLAB and
Simulink were the control platforms used for the experiment. The control scheme was
implemented in the form of a C-coded S-function. A sampling frequency of 1 kHz was
configured. Figure 3.28 shows the experimental test platform. By the experimental
testing, the break away voltage for the setup was found out to be 1.1 V.
A sinusoidal reference signal of xd(t) = 1 × 104sin(pit)(µm) was used in the ex-
perimental study, shown in Figure 3.29.
As was the case in the simulation study, the performance of the proposed control
scheme is compared to that of PID-only control scheme. Figure 3.30 shows the track-
ing performance using PID-only control scheme. The maximum tracking error and
the RMS error were 131.2 µm and 49.6 µm, respectively.
For the proposed compensation with the regulated chatter, the parameters were
according to the simulation study, i.e.:
Ts = 0.001s, T = 0.005s, a = 0.8, γ = 0.0002.
Figure 3.31 shows the experimental results after 40 successive cycles. In order
to demonstrate the performance clearly, Figure 3.32 shows the maximum absolute
tracking error (Figure 3.32(a)) and RMS tracking error (Figure 3.32(b)) after 40
cycles. The maximum absolute tracking error is reduced from 133.8 µm to 80.3 µm.
The RMS tracking error is reduced from 50 µm to 37.4 µm. Figure 3.33 shows the
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tracking error during the 40th cycle. Compared to the PID-only control scheme,
the performance is improved significantly. The results of the experimental study are
consistent with that of the simulation study.
3.8 Conclusion
This chapter has discussed the design, modeling, and control of piezoelectric actuator
with external sensing actuation (ESA) technique, i.e. with separate external sensor
as a feedback provider. The actuator, which is a proposed novel actuator, has been
applied to intra-cytoplasmic sperm injection (ICSI) application successfully with sat-
isfactory results; from engineering as well as biological points of view. The design
procedure has been demonstrated, including:
• selection of piezoelectric element,
• design of the construction of the motor,
• modeling and simulation of the motor,
• manufacturing,
• control design,
• implementation in the system.
The actuator is successfully controllable with the usual ESA technique, i.e. the
feedback system works satisfactorily. The nonlinearity of the piezoelectric actuator,
however, demands sophisticated controller beyond the linear control such as the ubiq-
uitous PID control. The adaptive control applied in the piezoelectric actuator is able
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to satisfactorily overcome the nonlinearity of the piezoelectric element and improve
the performance of the actuator compared to using a PID controller, i.e. smaller
tracking error. This success also translates to improvement in the cell survival rate.
Another type of nonlinear control, iterative learning control (ILC), is also pre-
sented as a comparison, as well as a future controller better suited for the applica-
tion. The ILC is considered more specialized in the sense of application since it is
applicable to application with repetitive trajectory. The satisfactory performance of
the controller opens up a possibility of its application in ICSI in the future.
The designs of a linear-reciprocating and a partially-rotating piezoelectric actu-
ator have been discussed, including their working principles, dynamics, and control
systems. A robust adaptive control algorithm has been developed for compensation
of hysteresis in the piezoelectric actuator. The experimental result shows that the
partially-rotating actuator is able to perform oocyte penetration with a smaller oocyte
vibration. In addition, the piezo-assisted ICSI results in higher survival percentage
compared to manual ICSI. It was also found out that there may exist an optimum
frequency to achieve minimum oocyte vibration.
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Figure 3.22: Illustration of the overall control signal and constituents (a). the control
signal uc(t) from the feedback controller (b). the chatter signal uk(t) (c). the overall
control signal u(t)
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Figure 3.23: Desired trajectory with smooth start

















Figure 3.24: Tracking error of the PID-only control scheme
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Figure 3.25: Tracking error with the proposed scheme after 25 cycles













































Figure 3.26: Iterative convergence performance, (a) Maximum tracking error (b) RMS
tracking error
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Figure 3.27: Control signal and tracking error after 25 cycles
Figure 3.28: Setup of the linear piezoelectric motor
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Figure 3.29: Desired trajectory

















Figure 3.30: Tracking error with PID-only control scheme
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Figure 3.31: Tracking error with the regulated chatter signal after 40 cycles









































Figure 3.32: Tracking performance in 40 cycles, (a) Maximum tracking error (b) RMS
tracking error
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Figure 3.33: Tracking error with the regulated chatter signal during the 40th cycle
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Chapter 4
Design, Modeling, and Control of
Self-Sensing Piezoelectric Actuator
This chapter presents the design, modeling, and control of the piezoelectric actuator
using self-sensing actuation (SSA) technique. SSA is a technique to employ smart
materials, such as piezoelectric materials, simultaneously as a sensor and an actuator;
thereby increasing the level of integration of the system. This technique is therefore
suitable for mechatronic systems, where synergistic integration of the components of a
system is important. This technique is in contrast with the external-sensing actuation
(ESA) technique previously discussed in Chapter 3.
The piezoelectric actuator discussed in this chapter has been successfully imple-
mented in a microdispensing system, which is an example of a micromanufacturing
process; combining a fluidic system and a positioning system. The fluidic system
is therefore only a member of the overall mechatronic system. The positioning sys-
tem, despite being an integral part of the microdispensing system, is not discussed
in detail in this chapter. The working principle of the device is presented inasmuch
as the fluidic system is concerned; i.e. to explain how liquid dispensing is carried
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out. The positioning system is included mainly to provide an overview of the entire
system as well as an analysis of the requirements and sources of disturbance in the
microdispensing system.
4.1 Introduction
Design of intelligent mechatronic system has shown growth in recent years, with
wide applications ranging from manufacturing to biomedical areas. An intelligent
mechatronic design requires an ability to adjust its behaviour based on information
perceived in real-time from a changing, unknown, and constrained environment [95].
As a result of the ever-increasing demands in mechatronic systems as well as more
stringent requirements in the applications, mechatronic systems nowadays tend to be
complex.
Several design methodologies have been proposed to address this issue. The trend,
however, is towards the direction of modularization. This trend calls for the advance-
ment of distributed control system and embedded system, where each component in
a system is a self-sufficient sub-system by itself. In addition, the ever increasing high-
precision requirements of many applications also dictate the development of many
mechatronic systems.
The popular choice of an actuator to meet this demand of high-precision as men-
tioned above is a piezoelectric actuator.
The emergence of piezoelectric actuators, constructed mainly from piezoelectric
materials, opens up a possibility of compacting the modular design further by com-
bining the sensing and actuating functions. Such technique is known as self-sensing
108
actuation (SSA), which is enabled by the special properties of piezoelectric materials
with regard to the relationship between displacement/deflection and electrical signal.
The application of SSA in piezoelectric material is accomplished by using a single
piezoelectric element as a sensor and an actuator simultaneously [96]. The underlying
concept is to take full advantage of the special properties of piezoelectric materials,
which is their ability to impart as well as sense strain concurrently [85]. This technique
has been employed since 1990s in applications ranging from vibration control [97]-[99]
to positioning [100].
Despite the increasing attention to the implementation of SSA techniques, there
has not been many discussions of its potentials and drawbacks. The obvious advan-
tage of compactness has been widely mentioned; other properties, such as speed of
response, however, has been hardly discussed. Likewise, the implementation of this
technique in an intelligent mechatronic system has not been explored extensively.
The research that will be presented in this chapter is aimed to explore and apply
SSA technique in a mechatronic system; so that its characteristics can be further
discovered. The main motivation of employing this technique with piezoelectric ac-
tuators is to achieve a compact design, facilitated by the application of intelligent
mechatronic design principle. The eventual goal is to provide an overview of cases
and conditions where SSA is beneficial and is superior to other existing technique; i.e.
ESA. By the end of this chapter, the implementation issue of SSA in an intelligent
mechatronic system will have been presented, including issues with respect to its tra-
jectory tracking. The control scheme to address the actuator’s nonlinearity – when
SSA is applied to control the actuator – will also be presented; in which the solution
is dictated by the nature of applications of the actuator, underlining the mechatronic
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approach used throughout this thesis.
The application area to be discussed in this work is a contact-based microdispens-
ing system, in which a piezoelectric actuator is used as the driving device to dispense
a minute volume of liquid. This has been chosen as the application area of this work
since there is an increasing demand for the availability of microfabrication technique,
such as microdispensing system, to catch up with the shrinking of product dimension
driven by the advancement of nanotechnology. The applications of microdispensing
system in nanotechnology include processes such as lithography, micro-arrays fabrica-
tions of sensors and bio-materials, and optoelectronic packaging [101], which requires
an advanced deposition technique to achieve high precision dispensing in terms of
both position and droplet dimension. The mechanism of the abovementioned system
will be discussed in the Section 4.2, and it is sufficient for the time being to state that
the actuator functions as a micropositioner.
The piezoelectric actuator is equipped with an exclusive adaptive controller to
overcome nonlinearity and disturbance. It is designed to adaptively modify the para-
meters of the microdispensing system by considering the system to be second order.
This chapter is organized as follows. Following the introduction, the application
area, i.e. microdispensing system, is discussed in Section 4.2 to give an overview of
the application, as well as an analysis of the requirements and sources of disturbance
in the system. Along the line of discussion, the microdispensing system is regarded
as a member of a mechatronic system. The fundamental theory of SSA is presented
in Section 4.3, where the basic circuitry and modeling are discussed. This provides a
theoretical foundation of extracting sensing signal from the actuation signal, which is
the backbone of SSA. Section 4.3 also discusses the characteristics of SSA, especially
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in comparison to ESA in terms of error minimization; which is the main motivation
of this research. The proposed adaptive control system is discussed next in Section
4.4, with an aim to make the system track a periodic trajectory amidst nonlinearity.
Next, Section 4.5 discusses the experimental results, comprising the comparison be-
tween SSA technique and the usual technique of ESA, the comparison between the
proposed adaptive control and conventional PID control, and preliminary results in
a microdispensing process. The future work of this microdispensing research is pre-
sented next in Section 4.6, which mainly discusses a novel design of microdispensing
system with mass-inertia principle. This is an extension of the system that has been
developed, with an improvement in the manner by which droplets are created, i.e.
without contact with the work piece. This chapter is finally closed with a conclusion.
4.2 Target Application Microdispensing System
Despite lack of consensus of its definition, a microdispensing system can be thought
of as a system to dispense fluid in a minute volume and in a precise manner, of the
order of microliter. Microdispensing system is a type of micromanufacturing process,
which gains increasing attention nowadays.
Because of the high demand of microdispensing systems and the wide variety of
dispensing conditions, there have been many proposals and designs of microdispensing
device. Various techniques have been employed, which in principle can be categorized
into three techniques [102] as follows:
• time pressure,
• rotary screw (continuous motion),
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• positive-displacement.
From the many available actuators, piezoelectric actuator is preferred for its ability
to achieve high precision motion of the order of micrometer or sub-micrometer and
to provide high force/torque-mass ratio [79][103]. The microdispensing systems that
have been developed so far use piezoelectric actuators either directly or indirectly in
order to dispense liquid droplet with diameter as small as 25 µm [104].
Despite the success of various existing microdispensing devices in research, in-
dustry, and in the market, production cost has been a persistent problem, especially
when high quality dispensing is desired and variety of droplet dimension is required.
This is largely due to the use of piezoelectric actuators to achieve high precision dis-
pensing. The current practice is to use one unit of piezo-coated injector to dispense
one dimension of droplets, leading to the requirement of using many piezo-coated
injectors for various dimension requirements.
The objective of this research is to develop a microdispensing system with low
production and maintenance cost, while attempting to achieve same level of precision
and size. The underlying idea is to use the same piezoelectric actuator and to only
change the injector to obtain different size of droplets. In addition, drop-on-demand
(DOD) approach [105] is applied in the proposed device, where one liquid droplet is
formed by each movement of the piezoelectric actuator. This technique is generally
preferred for its ability to form non-continuous shape/pattern.
4.2.1 Working Principle of Microdispensing System
The proposed microdispensing system employs contacting method to dispense the
liquid to the work piece. This method relies on several factors, such as: the adhesive
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force between the liquid droplet and the work piece, as well as their contact time.
Figure 4.1 presents the structure of the proposed microdispensing system using a
piezoelectric actuator. A flexural lever structure is employed as a motion modifier,
where it can amplify the distance of motion of the injector several times of the actuator
motion, depending on the setting of the amplification factor. The injector delivers
the liquid onto the surface of the work piece, thereby delivering the final results.
Figure 4.1: Working principle of the microdispensing system
The dimension of the droplet is therefore controllable via two settings as follows:
• activation voltage of the piezoelectric actuator; determining the contact time in
a relatively small range,
• amplification factor of the flexural lever; determining the contact time in a
larger range.
This configuration eliminates the necessity of using several piezoelectric actuators for
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different dimensions of droplets, which effectively reducing the installation cost of the
microdispensing system.
4.2.2 Microdispensing System with X-Y Table
The dispensing system is attached to an X-Y table so as to allow pattern formation
or trajectory tracking. Therefore, the work piece is maintained stationary while the
injector moves according to the desired trajectory.
Proportional-integral-differential (PID) control system is incorporated to control
the X-Y table. Each of the axis is controlled by separate controller and drive; real-
izing a distributed control system scheme. Although the focus of this chapter is in
the control of the piezoelectric actuator, the motion of the X-Y table is also taken
into account in the actual system. As a matter of fact, the controller architecture
also includes a synchronization between the motion of the X-axis and Y-axis of the
table and the Z-axis of the microdispensing device for optimum results. Complete
explanation of how a PID controller works can be found easily in literatures, such as
[106]. Figure 4.2 presents the complete architecture of the proposed microdispensing
system.
4.2.3 Design Consideration
The main consideration of the design is to realize a modular system where each axis
of motion is independent from each other.
The focus of this chapter is the design of the microdispensing part of the overall
mechatronic system; therefore, the control system of the X-axis and Y-axis is not
going to be discussed.
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Figure 4.2: Design of microdispensing system and its control system
As is usual in the case of design of a mechatronic system, the design to be discussed
next will involve the sensor, actuator, and controller. Using mechatronic approach,
these components are considered in an integrated manner, i.e. considered simultane-
ously in the design stage.
There are two main issues in considering the design of the microdispensing system
in this research.
The first is the sensor, i.e. selection of sensor, which is related to the
speed of the system. This application is intended to be used in a high-speed manner
and the sensor should therefore accommodate this requirement. While many sensors
115
are currently fast enough to achieve high speed sampling frequency, the piezoelectric
actuator itself can be used as a sensor in order to achieve yet faster reading. This
is enabled by the integrated structure of the sensor and actuator, since they are
physically of the same body. This motivates the application of SSA technique as
means to fully integrate the sensing and actuating functions of the actuators.
The second is the control system for controlling the performance of
the system. Piezoelectric actuators inherit the strong nonlinearity of its original
piezoelectric material; the most dominant of which is hysteresis [83]. This is one
source of uncertainty in the system that has to be taken care of. In addition, the
microdispensing system (whose motion is in the Z-axis) is integrated into an X-Y
table (whose motion is in the X-axis and Y-axis). The motion in the X-axis and Y-
axis (horizontal plane) possesses its own nonlinearity, which can affect the motion in
Z-axis. Force ripple during this planar motion abrupt stop, for example, can vibrate
the injector in Z-axis direction, adversely influencing its positioning precision. This
motivates the application of adaptive control to adaptively overcome the uncertainty
of the system.
4.3 Self-Sensing Actuation
Piezoelectric materials’ twin properties of piezoelectric effect and inverse-piezoelectric
effect are the core of the implementation of SSA technique. Piezoelectric effect refers
to its usage as a sensor; that it generates electrical charge upon the application of
stress. Inverse-piezoelectric effect refers to its usage as an actuator; that it experiences
displacement upon the application of electrical charge. This material can then be used
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as a sensor and an actuator, either separately or simultaneously. When it is to be
used simultaneously, as is the case in SSA, the sensing and actuating signal have to
be extracted by means of electronic circuit.
4.3.1 SSA Measurement
The measurement of sensing signal with SSA technique is typically accomplished
with a bridge circuit [107], mainly incorporating capacitors in accordance with the
capacitive nature of piezoelectric materials. The configuration of the bridge circuit
is presented in Figure 4.3, where additional resistors are connected in parallel to the
capacitor legs to prevent DC drifts [108].
Figure 4.3: SSA bridge configuration
As depicted in Figure 4.3, the bridge comprises two balancing legs. The actuation
signal is represented by Va. The electric field generated by piezoelectric material
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due to its strains is represented by Vp. The capacitance of the piezoelectric material
is represented by Cp. When the other pair of the leg is identical, i.e. having the
same values of R and C, and when the measurement capacitance Cm is set to Cp,
the sensing signal Vs reflects only Vp. The ensuing discussion provides the analytical
derivation of the property of the circuit.
Using the bridge circuit as presented in Figure 4.3, the sensing signal can be
derived as follows, according to Kirchhoff’s Voltage Law and Kirchhoff’s Current
Law. First, consider the loop containing Va, Vp, CP , and parallel circuit of C1 and





I12 = sC1V1, (4.2)




With a loop analysis, the following can then be derived from (4.3):





1 + sC1R1 + sCpR1
sCpR1
V1, (4.4)
and making V1 the subject:
V1 =
sCpR1
1 + s (C1R1 + CpR1)
(Va − Vp) . (4.5)
With the same procedure, V2 can also be derived by following the loop containing Va,
Cm, and the parallel circuit of C2 and R2; the result of which is:
V2 =
sCmR2
1 + s (C2R2 + CmR2)
Va. (4.6)
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The measurement using SSA technique can then be formulated as follows from (4.5)
and (4.6):




1 + s (C2R2 + CmR2)
− sCpR1





1 + s (C1R1 + CpR1)
Vp. (4.7)
In an SSA implementation, Cp = Cm, C1 = C2, and R1 = R2, so that (4.7) becomes:
Vs =
sCpR1
1 + s (C1R1 + CpR1)
Vp, (4.8)
which shows that the sensing signal is independent of the actuation signal when the
abovementioned conditions are satisfied. This implies that the sensing signal with
SSA technique is reliable for control purpose. Equation (4.8) is consistent with the
results obtained in [100] and [108].
As a numerical study, without loss of generality, one can assign certain values to
the components of the SSA circuit. Figure 4.4 presents the frequency response of SSA
circuit when Cp = C1 = C2 = 2.2µF and R1 = R2 = 1MΩ.
Figure 4.4 reveals that SSA circuit behaves like a high pass filter, emphasizing
its low gain, which renders it unsuitable for applications with low frequency or slow
switching characteristics.
It can be inferred that the improvement in fast trajectory tracking is brought about
by the elimination of sensors, which, in turn, eliminates the presence of sensor’s delay
in the system. The issue of sensor’s delay has been identified and discussed in various
papers. In [109], a robust filter is proposed to deal with sensors with varying delays.
In [110][111], the problem of sensor’s delay is overcome by compensators inside the
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Figure 4.4: Frequency response of the sensing system in the SSA system (sensing
signal with respect to deformation)
feedback control. In [112], an artificial neural network soft sensor is proposed to
replace the use of hard sensor so as to avoid sensor’s delay.
In this thesis, SSA is supposed to eliminate the problem of sensors’s delay.
4.3.2 Error Analysis
The purpose of error analysis is to provide a theoretical comparison between SSA
and ESA. As has been implied above, SSA is more suitable for trajectory with faster
switching characteristics. Therefore, it is beneficial to study the time span on which
SSA outperforms ESA.








where fRMS is the RMS error, f = f(t) is the error as a function of time, and T1 and
T2 are the initial and final time span, respectively.
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The ensuing analysis is limited to a step trajectory as a basis; the same trajec-
tory can be repeated to form a longer trajectory. The error profile can be inferred
from the frequency response presented in Figure 4.4. During the fast switching mode
(high frequency), i.e. the transient period, the error tracking performance of SSA
measurement is better than that of ESA measurement. On the other hand, during
the low switching mode (low frequency), i.e. steady state period, the error tracking
performance of SSA measurement is worse, due to its low gain at this frequency.
Considering that this phenomenon continues throughout the activation of the piezo-
electric actuator, the simplified profile of the tracking error can be shown in Figure
4.5, where the general profile of the tracking error can be formulated as follows:
f = e−p(t+τ) + fss, (4.10)
and where fss is the steady state error, p is the rate of error reduction, τ is the
time parameter to indicate the initial tracking error upon switching of trajectory,
and T (referring to Figure 4.5) is the time span. The use of the time parameter to
indicate the initial error is related to the previous discussion about the delay in the
measurement system, which is also in the time domain.
Comparison between SSA and ESA is presented as follows (using subscript A and
B for SSA and ESA, respectively):
fA = e−pA(t+τA) + fssA, (4.11)
fB = e−pB(t+τB) + fssB, (4.12)































Define a critical time span Tcr as the time span where SSA error is the same as
ESA, such that:
fA < fB, ∀t < Tcr,
fA > fB, ∀t > Tcr.
(4.17)



















Using Taylor expansion of exponential function up to second order, Tcr can be
obtained as:
Tcr =






This critical period Tcr is then the indicative limit of performance of when the
SSA indeed outperforms ESA for the same system, using a repetitive trajectory.
4.4 Adaptive Control Scheme
Since the system inherits the nonlinearity of the piezoelectric actuator as well as the
disturbance of the X-Y table, an adaptive control scheme is proposed to control the
dispensing system.
4.4.1 System Model
The model of the system is given by the following equation:
x¨ = ax˙ + bu+ d(t), (4.20)
where x is the position, u is the control, and d(t) is the disturbance or system un-
certainty. The parameters a and b are unknown and to be identified. The initial
identification is accomplished off-line by studying the response of the piezoelectric
actuator and comparing it with a second order model as given in (4.20), consider-
ing it having a high damping ratio and high natural frequency. From the off-line
identification, the values of a and b are obtained as −4.2× 103 and 7.5× 104, respec-
tively. Figure 4.6 presents the step response of the actuator and the model, showing
a satisfactory model.
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Figure 4.6: Step response of the actuator and the model
The off-line identification of the parameters of the system is then used as the
initial value for the adaptation of parameters.
4.4.2 Design of Controller
The structure of the control system is presented in Figure 4.7. The PID control is
tuned to achieve a satisfactory tracking error and is mainly aimed to cater for the
linear portion of the system. The feedforward control is an adaptive control law used
to deal with system disturbance or uncertainty.





Define the system error e = x− xd, where xd is the reference signal. The parameters
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Figure 4.7: Structure of adaptive feedforward control
aˆ and bˆ are obtained in an adaptive manner by the following on-line algorithm:
˙ˆa = g1x˙e, (4.22)
˙ˆb = g2ue, (4.23)
where g1 and g2 represent the adaptation rates. In the adaptive algorithm, the values
of a and b, which have been obtained from off-line identification, are used as the initial
values for aˆ and bˆ. The control signal of the proposed PID with adaptive control can
then be formulated as:









where Kp, Ki, and Kd are the proportional, integral, and derivative gains of the PID
controller, respectively.
4.5 Experiment, Results, and Discussions
The proposed system was developed and tested according to the abovementioned
design. The result of the experiment is elaborated next, with emphasis on the per-
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formance of SSA and adaptive control.
4.5.1 Experiment
Figure 4.8 presents the installation, which serves as an experimental setup for the
proposed microdispensing system application. The dispensing system itself comprises
the piezoelectric actuator (3), liquid container (4), and injector (1). The piezoelectric
actuator and the injector are connected via a delicate lever system, which is not
visible in Figure 4.8. The dispensing system is placed on an X-Y table and is moved
in horizontal plane relative to a fixed work piece.
Figure 4.8: Microdispensing installation in X-Y table; (1) injector, (2) work piece,
(3) piezoelectric actuator, (4) liquid container, (5) X-axis, (6) Y-axis
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4.5.2 Comparison between SSA and ESA
The reference trajectory is a square wave in order to highlight the fast switching
characteristic, which is the underlying benefit of using SSA. The tracking error of
both SSA and ESA is presented in Figure 4.9.
Figure 4.9: Comparison between the performance of ESA and SSA; (a) overview, (b)
highlighted
As shown in Figure 4.9(a), SSA achieves better performance in that its tracking
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Table 4.1: Performance of Self-Sensing and External-Sensing Actuation
Criterion Self-Sensing External-Sensing
RMS error (µm) 24.26 53.47
Total displacement (µm) 80.10 80.10
Error percentage (%) 30.29 66.75
Response delay (ms) not observed 5.00
error is smaller than that of ESA, especially during the switching from low to high
level reference. A closer look at the tracking error plot (referring to Figure 4.9(b)),
however, shows a more interesting finding. ESA results in large tracking error during
transient state, but smaller tracking error during steady state. SSA, on the other
hand, results in small tracking error during transient state, but larger tracking error
during steady state.
This phenomenon can be attributed to the time delay of the external sensor; in this
case, strain gauge. As do other systems and devices, there is also time delay associated
to the strain gauge that prevents the sensor from instantaneously sending its sensing
signal to the controller. Therefore, at the time of spike in the trajectory (i.e. at every
transient time), the actual position of the actuator is read at a delayed time by the
controller. As a consequence, the control action is always delayed, resulting in a large
error. While this delay problem is not significant during a steady state operation, it
contributes to a large error in transient state, especially when the change of trajectory
is very sudden.
The comparison between the performance of SSA and ESA is summarized in Table
4.1.
128
4.5.3 Comparison between PID with Adaptive Control and
PID-Only Control
The comparison between PID with adaptive control and PID-only control is presented
next. Figure 4.10 presents the reference trajectory, displacement, and tracking error of
the system using PID with adaptive control and PID-only control. The tracking error
of the system using PID with adaptive control is shown in Figure 4.10(a) to be smaller
than that of using PID-only control as shown in Figure 4.10(b). The experiment can
then confirm the improvement of system’s performance using adaptive control as
compared to conventional PID-only control.
4.5.4 Results with Microdispensing System
As a final note, the experiment with microdispensing system was conducted to form
an array of droplets, and in addition to that some trajectories, such as letters or geo-
metrical shapes. Figure 4.11 presents patterns of droplets, which shows the viability
of the proposed device to produce droplets. A tube with an inner diameter of 0.003
in (0.0762 mm) was used as the dispensing tip, with length of 10 mm. The average
dimension of the droplets is 247.45 µm, with standard deviation of 9 %, which is
generally considered satisfactory.
4.6 Future Application
Having designed the microdispensing system with contacting method as explained
above, this research will be extended to designing microdispensing system with non-
contacting method. The aim of the future application of this research is to explore a
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Figure 4.10: Performance of the system; (a) with adaptive controller, (b) with PID-
only controller
novel principle of liquid dispensing that can be used in microdispensing system. The
constraints of non-contacting method and drop-on-demand (DOD) are applicable to
the proposed design so as to keep up with the trend in microdispensing application.
Various microdispensing systems have been designed with such a method. Piezo-
electric materials are used in these devices to dispense the liquid, either directly or
indirectly, with ability to yield droplets down to 25 µm in size. One such microdis-
pensing device, based on the use of piezoelectric material as an actuator, has been
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Figure 4.11: Patterns of droplets; (a) circle pattern, (b) array pattern
reported in [104] and is capable of delivering droplets of solder and polymers at 25 -
125 µm in diameter. When an electrical pulse is applied, the piezoelectric material,
which coats the dispensing tip, will yield a compression force at the tip, thereby dis-
pensing the liquid contained within the tip as a fine droplet. A finer microdispensing
device has been developed [113] with capability of delivering droplets at 20 - 100 µm
in diameter and at a bandwidth of up to 20 kHz.
These microdispensing devices employ displacement working principle, where the
liquid is displaced with a certain object (e.g. a piezoelectric material). The dis-
placement of the object will determine the volume of the dispensed liquid. Devices
using a similar working principle have also been reported in [114][115]. Although the
displacement working principle is widely used, other principles have been proposed
for microdispensing applications, for example a microdispensing system based on the
electro-mechanical lifting and lowering of membrane valve [116].
The system presented here is based on the principle of mass inertia and is currently
for applications where the precision requirements on the dispensing process is modest,
concerning with droplets of lowly viscous liquids with a diameter of 300 -600 µm. This




Inertia is a tendency that an object maintains its current condition; i.e. it tends to
remain at rest when stationary and to continue moving with constant velocity when
it is in motion. It is possible to use the liquid’s inertia as the driving mechanism for
microdispensing; the details of such a process is described as follows.
At the dispensing tip, the portion of liquid at rest will experience the following
forces:
• Gravitational force, Fg (Figure 4.12)
This force is expressed as follows:
Fg = mLg, (4.25)
where mL is the mass of the liquid portion and g is the gravity acceleration.
Figure 4.12: Gravitational force
• Pressure force, Fp (Figure 4.13)
This force is expressed as follows:
Fp = ∆pA, (4.26)
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where ∆p is the pressure difference and A is the sectional area at the tip. This
force is present if there is a pressure difference at the dispensing tip. However,
it can be made negligible with an adequate design where the pressure difference
at the dispensing tip is maintained close to zero.
Figure 4.13: Pressure force
• Surface tension force, Fσ (Figure 4.14)
This force is expressed as follows:
Fσ = σlc, (4.27)
where σ is the surface tension of the liquid and lc is the perimeter length. This
force arises due to the unbalance molecular forces at the liquid-air interface.
When the same portion of the liquid now moves at a velocity of u, it will experience
an inertial force Fi as follows:
Fi = ρl2su2, (4.28)
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Figure 4.14: Surface tension force
where ρ is the density of the liquid and ls is the length of the liquid portion. Equation
4.28 presents the amount of force that has to be overcome to stop the motion of the
liquid. This force is used as the main driving mechanism.
The dispensing process can now be described as follows. The liquid is initially
at rest, with the gravitational force acting downwards and a surface tension force
upwards. The liquid forms a meniscus surface to achieve equilibrium. By applying
an adequate pressure force, a planar surface can be achieved instead.
A dispensing force is now applied to gradually drive the liquid, along with the
dispenser, to a velocity of u. At this time, the dispenser is abruptly stopped in
motion. The liquid will now be driven by an inertial force as expressed in (4.28) to
break its original equilibrium condition, thus detaching the liquid as a droplet from
the tip due to its own inertia. For drop-on-demand application, the desired break-up
regime of liquid jets in quiescent air is the Rayleigh jet break-up regime, characterized
significantly by its Weber’s number (We). To achieve this type of drops, a Weber’s
number of 100 is suggested [117].
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The key problem to be addressed for this dispensing application is thus to work
out the velocity u to produce the desired inertial force.
Due to the viscosity of the liquid, a viscous force Fµ is also present, described as
follows:
Fµ = µlsu, (4.29)
where µ is the viscosity of the liquid. This force resists the movement of the liquid
and should also be compensated.
4.6.2 Device Description
The schematic of the proposed microdispensing device is presented in Figure 4.15,
showing various constituent components. The proposed device employs piezoelectric
actuator to dispense liquid based on mass inertia principle.
The dispensing force, which will put the needle dispenser (1) into motion, is
generated using a piezoelectric actuator (2); i.e. a translatory piezoelectric motor,
attached to a piezoelectric stage (3). The motion of the piezoelectric motor is along
the vertical Z-axis, thereby generating mass inertia force of the liquid upon demand.
The needle dispenser is placed above the work piece (4), which is located right on top
of an X-Y table (5). This will allow the creation of certain pattern on the work piece
by controlling simultaneously the motion of the X-Y table and the dispensing action
along the Z-axis.
Furthermore, as implied by the analysis above, the dispensing action along Z-axis
is controllable by the travel distance and velocity of the piezoelectric motor.
The dispensing action of the proposed microdispensing system can now be ex-
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Figure 4.15: Schematic of the device
plained as follows. When the piezoelectric actuator is activated, the downward mo-
tion of the actuator causes the needle injector to move down. The downward velocity
is controlled to generate suitable inertial force. Along with the movement of the
injector, the liquid within the injector will be put into motion.
When the injector has travelled along certain distance, the actuator is abruptly
stopped, which will cause the liquid to move out of the injector due to its inertia;
thus dispensing a droplet at the tip of the dispenser. Upon dispensing of liquid, the
actuator is returned to its original position – this time with gradual motion, ready
for the next activation cycle. This allows for a continuous and periodic force to be
generated by activating the piezoelectric actuator in a periodic manner.
A liquid reservoir is placed at a different location away from the dispenser so as
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to avoid obstruction of motion.
4.6.3 Design of the Device
The design of the fluid component of the device will be described here. The following
calculation is based on an expectation of dispensing droplets of water (density of 1000
kg/m3) with a diameter in the range of 300 - 600 µm. Assuming that the droplet
shape is semi-spherical, the volume of the droplet is 7.069 nL.
A tube with an inner diameter of 210 µm is used as the dispensing tip. As such,








= 2.041× 10−4m = 204.1µm,
where V is the volume of the liquid and dL is the inner diameter of the dispensing
tip.
To achieve a Weber’s number of 100, the final velocity of the liquid inside the









The dispensing force includes the inertial force and the gravitational force. To
achieve a velocity of 5.981 m/s, as worked out above, the inertial force will have to
be
Fi = ρl2su2 = (1000)(204.1× 10−6)2(5.981)2
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= 1.490× 10−3N,
according to (4.28). The gravitational force can be worked out as follows
Fg = mLg = ρV g = (1000)(7.069× 10−12)(9.8)
= 6.928× 10−8N,
according to (4.25).
The total opposing force includes the viscous force and the surface tension force.
The viscous force can be worked out to be
Fµ = µlsu = (0.001)(204.1× 10−6)(5.981)
= 1.221× 10−6N,
according to (4.29). The surface tension force is computed to be






Thus, the dispensing force has been designed accordingly to overcome the opposing
force.
Other aspects of the overall design include the design of the mechanical, elec-
tromagnet, and electronic component. The mechanical design involves the design of
the structure of the device with the electromagnet acting as the force generator to
provide a range of forces appropriate to meet the requirements. An electronic circuit
is also designed such that the actual force can be varied via the electrical input to
the winding of the electromagnet.
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4.7 Conclusion
The design, modeling, and control of piezoelectric actuator using self-sensing actu-
ation (SSA) technique has been presented in this chapter. SSA has been shown to
be a viable technique for closed-loop control system using smart materials such as
piezoelectric actuator. SSA basically integrates the sensing and actuating parts of
the system into a single function.
The strength of SSA techniques lies in the fact that by combining the sensing
and actuating parts of the system, the delays in the measurement system is reduced.
This results in smaller tracking errors since the actuator can perform faster action to
rectify the error. The improvement, however, is apparent in the transient response of
the system, where there is a sudden change in the reference trajectory. During steady
state, the superiority of SSA is not apparent; i.e. SSA’s steady state tracking error
is even worse than that of ESA’s.
Therefore, SSA is especially useful in applications with fast switching trajectory;
exploiting its comparatively low time delay in measurement. Fast switching trajectory
refers to reference trajectory with relatively short accumulated duration of steady
state. The boundary between fast and slow switching trajectory is determined by
(4.19); establishing a boundary at which SSA does not outperform ESA anymore.
Since SSA technique is only a matter of the integration and configuration of sen-
sors and actuators, the control characteristics of the actuators do not differ from that
which has been described in Chapter 3. In this chapter, adaptive control is again
implemented by adapting the parameters related to speed and control signal, and
has been demonstrated to improve the performance of the system compared to us-
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ing conventional PID controller. This is in accordance to the results in Chapter 3,
which suggests the use of adaptive control as an alternative of controlling piezoelectric
actuator amidst its nonlinearity.
The application area discussed in this chapter is a microdispensing system, which
has been designed to perform microdispensing of liquid onto a work piece with modest
performance; i.e. liquid with low viscosity and micrometer-level of diameter. The
original design of using contact-based dispensing has been developed, and then has
been continued with a novel design of non-contact-based dispensing using mass inertia
principle. In these applications, piezoelectric actuators have been used as the primary




This thesis has discussed the design, control, and application of piezoelectric actua-
tors; including their working principles, dynamics, and control systems. In particular,
this thesis emphasizes the implementation of two techniques in providing feedback sig-
nal to the actuators, i.e., external-sensing actuation (ESA) and self-sensing actuation
(SSA).
The proposed actuators have been implemented in some applications in biomedical
and micro-manufacturing areas; namely, intra-cytoplasmic sperm injection (ICSI) and
microdispensing system. The satisfactory results in their implementation highlight
the contribution of this thesis in the application of piezoelectric actuators in real life.
This chapter summarizes the contribution that has been presented in this thesis,
especially those outline in Chapter 3 and Chapter 4, from a broad point of view.
Recommendation for future work is presented as well.
5.1 Contribution
The contribution of this thesis can be identified in the following aspects:
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• Mechatronic design approach of piezoelectric actuator
The procedure of designing a piezoelectric actuator is presented in details in this
thesis, which is important from the design approach point of view. Mechatronic
approach is employed in the design, which is consistent with the structure of
the system that synergistically combines mechanical and electrical aspects of
the system. The discussions about the design do not only outline the steps and
considerations to be taken in general, but also closely follow particular design
examples, so that the concept and its application are presented.
• Implementation of piezoelectric element in a system
The piezoelectric and inverse-piezoelectric properties have also been utilized in
a single system, giving rise to the SSA. This introduces an optimum implemen-
tation of the material in a system. An interesting property of SSA technique
has been revealed in terms of its performance; that is, the tracking error. The
performance of the SSA technique is superior than the ESA technique in a
fast-switching trajectory. A fast-switching trajectory refers to trajectory that
rapidly changes, with each change occurs instantaneously. The critical period
of slow- and fast-switching trajectory has also been identified.
• Control system
From control system point of view, this thesis presents the application of non-
linear control to tackle the nonlinearity of piezoelectric actuators. This is a
persistent problem that has attracted many researchers. This thesis offers a
control system comprising a linear controller to deal with the linear part of
motion and an adaptive controller to exclusively cater for the nonlinear part of
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motion; thereby reducing the dependency on the nonlinear control. The linear
part of motion, referring to the actuator motion that obeys d’Alembert equation,
is controlled by a PID controller. The adaptive controller is then augmented
to the control signal to provide additional effort to overcome nonlinearity. A
special case is also looked into, where the trajectory is repetitive. An iterative
learning control (ILC) is implemented in this special case, as presented at the
end of Chapter 3.
• Design of new devices for various applications
From design point of view, this thesis presents a novel design of actuators to
accomplish specific task. Partially-rotating piezoelectric actuator, presented in
Chapter 3, is a novel design of an actuator that is distinct from the usual rotary
piezoelectric motor. The common mechanism of motion transmission, i.e. fric-
tion, is configured differently with the deflection mode of a piezoelectric element
to result in useful partial rotation. This design has proved to function satisfacto-
rily in the ICSI application. The microdispensing system presented in Chapter
4 is also a novel design, employing a non-conventional flexural mechanism for
high precision motion. The proposed system with mass-inertia principle is the
first of its kind in a microdispensing system, which is a contribution to future
advancement of microdispensing techniques.
5.2 Recommendation for Future Work
This thesis has presented the research works on design, control, and application of
piezoelectric actuators. Further research topics in this field are suggested as follows.
143
The concept of a microdispensing system based on mass inertia principle has
been presented in Chapter 4. This novel technique is able to dispense liquid in
minute volumes. Further research, however, is required to develop this technique
and test it with a piezoelectric actuator in order to yield a sub-micrometer level of
droplet diameter. In this regard, the adaptive control structure may need adjustment,
especially in its model, since the travel distance may need to be altered.
The SSA technique developed in this thesis has been shown working satisfactorily
in a microdispensing system, which comes with periodic trajectory. This technique
can theoretically work even for a non-periodic trajectory, so an investigation in this
area is possible. It may be even extended to determine a general condition of using
SSA over ESA for arbitrary trajectory.
The design of a piezoelectric actuator, especially in Chapter 3, has been accom-
plished from the raw, available material. While the structure has been customized to
suit the application of partial-rotating motion, the material itself is off-the-shelf, i.e.
is not specifically designed for rotation application. Indeed, the polarization mode
of the material is radial, instead of the more advantageous tangential; according to
the desired direction of motion. Further research can investigate the possibility of
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